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I.  INTRODUCTION 

The  hydrodynamic  aspects  of  c*  1  containment  by  retention 
hoo®s  were  Investigated  for  the  United  Stater  Coast  Guard  under 
Contract  Mo,  DOT -00-0050^ -A  during  the  period  fro®  January  to 
October  1970.  The  objectives  of  the  study  were  to  develop  a 
fundamental  understanding  of  oil  retention  hyd "©dynamics ,  to 
derive  proper  scaling  laws  and  procedures  for  model  experiments, 
and  to  provide  model  test  data  and  criteria  which  can  be  used 
to  predict  containment  perfcnsan-.s  of  prototype  under  ad¬ 

verse  environment*  1  conditions. 

Oil  spills  at  sea  are  becoming  more  numerous  and  such 
spills  are  recognized  as  a  major  environmental  hazard  which  must 
be  cleaned  up  as  rapidly  as  possible.  A  major  component  of  many 
proposed  clean-up  systems  Is  a  containment  bocm.  Floating  oil 
can  be  herded  into  a  confined  area  where  its  depth  is  great 
enough  to  allow  special  methods  to  be  applied  to  separate  the  oil 
from  the  .;ater.  The  floating  "fence"  used  to  "herd"  the  oil  is 
generally  referred  to  as  a  boom.  In  its  simplest  form  the  boo® 
may  be  envisioned  as  a  vertical  plate  having  buoyancy  eie-entc 
so  that  the  barrier  seeks  an  equilibrium  position  at  the  water 
surface  with  a  resulting  freeboard  and  draft. 

The  mechanism  by  which  a  boo®  collects  oil  is  most  easily 
understood  In  two  dimensions.  If  the  boom  has  no  relative  velo¬ 
city  with  the  water  or  the  air  above  the  water  there  is  no  ten¬ 
dency  for  oil  to  thicken  cn  either  side  of  the  barrier.  However, 
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if  there  is  a  relative  current  or  wind  the  resulting  shear 
forces  on  the  oil-water  or  oil-air  inter?»e**  will  cause  a  flow 
of  oil  toward  the  barrier.  This  flow  will  result  in  a  thicken¬ 
ing  of  th£  oil  on  the  upstreaa  side  of  the  barrier.  The  relative 
current  required  to  achieve  this  thickening  may  arise  fro#  soar¬ 
ing  the  botr-  in  natural  currents  or  by  towing  the  boom  through 
the  water.  As  the  oil  layer  is  thickened  a  hydrostatic  pressure 
is  built  up  to  oppose  the  current  forces.  For  a  given  voluse  of 
oil,  current  velocity  and  oil  specific  gravity  an  equilibria*  oil 
thickness  should  be  reached  if  there  is  no  loss  of  oil  past  the 
barrier. 

Actually,  even  In  cal#  water  (no  waves)  the  mechanise*  cf  oil 
buildup  ahead  of  the  boen  in  a  relative  current  le  rather  complex. 
Ithen  the  velocity  begins  to  increase,  the  thickness  near  the  boom 
increases  and  thl?  region  of  increased  thickness  propagates  for¬ 
ward  of  the  boon.  If  the  terminal  velocity  is  assumed  to  fcs 
reached  in  a  relatively  long  time  the  flow  may  be  visualize*,  tc 
have  the  following  characteristics.  This  description  assume?  a 
fixed  amount  of  oil  exists  upstream  of  the  boon. 

1)  As  the  velocity  is  increased  incrementally,  the 
thickness  of  oil  ahead  of  the  boom  ir  creases  and 
the  length  of  the  oil  layer  decreases.  This  effect 
of  current  or  other  forces  to  conorass  the  oil 
layer  is  commonly  referred  tc  as  setup. 
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2)  *t  low  velocities  the  oil  thickness  at  the  boom  Is 
assail  and  the  extent  of  oil  forward  of  the  boom  is 
very  large.  Consequently  the  shear  force  on  the 
oil -water  Interface  acts  ever  a  large  arsa  and  Is 
the  principal  force  cans  Ling  tha  oil  thickening  at 
the  barrier,  this  shear  force  causes  the  oil  layer 
in  side  elevation  to  appear  wedge  shaped.  The  wedge 
has  roughly  n  parabolic  profile. 

3)  At  practically  all  velocities,  it  Is  observed  that 
the  leading  edge  of  the  oil  far  upstrean  of  the 
boon  Is  shaped  like  one  half  of  an  arrowhead.  This 
'  headway e”  Is  characteristic  of  all  such  density 
currents,  and  Its  else  is  determined  by  the  relative 
current  and  the  oil  specific  gravity.  The  oil 
thickness  increases  to  a  maximum  In  this  leading  edge 
region  at  a  slope  of  approximately  30  degrees  tc  the 
horizontal.  The  flow  then  appears  to  become  v»ry 
rough,  simile'  tc  an  inverted  breaking  wave  or  hy¬ 
draulic  jump,  anti  the  thickness  almost  abruptly  be¬ 
comes  about  one-half  its  maximum  value.  Clearly  a 
drag  force  acts  on  the  oil  volume  as  a  result  of 
this  leading  edge  action.  At  very  3ow  velocities 
and  large  volumes  of  oil  this  "head*  force  is  small 
compared  tc  the  sheer  force  and  th®  oil  profile  or 
setup  is  characteristically  a  thin  parabolic  wedge. 
Typical  oil  profile*?  with  moderately  sized  headwaves 
are  shown  in  Figure  23. 


rlYBROMAUTTCS,  Incorporated, 


-4- 

4)  As  the  velocity  Is  Increased  the  oil  >jp»tr#8Ufc  of 
the  boos  increases  in  thickness  Mid  decree m  In 
forward  extent.  The  headways  else  is  proportional 
to  the  velocity  squared.  As  a  result  the  headway e 
and  the  turbulent  action  associated  with  It  be¬ 
comes  a  more  predominant  feature.  In  fact  the 
drag  force  associated  with  the  headway e  becomes 
Increasingly  large  as  compared  to  the  nhear  force 
in  balancing  the  hydrostatic  h***d  caused  by  the 
increased  ell  thleteneas  at  the  boom.  The  Increased 
turbulent  activity  at  the  headwave  Is  accompanied 
by  a  break-up  of  the  oil  interface  in  this  region 
into  droplets. 

5}  finally  a  velocity  will  be  reached  for  •  "'l eh  oil 
escapes  beneath  the  boom  and  for  higher  velocities 
the  boos  can  rapidly  W  e  alaoat  all  of  tr .  s  oi  l 
previous!"  contained  on  the  upstream  side.  This 
failure  or  maximum  contains umv  velocity  may  be 
reached  by  either  of  two  aechanleae .  The**  are 
*  •f»n-«s  to  u  Mfoiaiw.-  «m  “«s mama*  •  *> 

entrainment  failure  is  said  to  occur  when  the  oil 
droplets  formed  at  the  headwave  (or  fey  other  tur¬ 
bulent  asti*>«)  and  untrained  into  the  watsr  flow 
do  not  here  adequate  time  to  rise  back  t©  the  oil 
layer  and  so  are  swept  under  the  boom.  ©mirage 
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failur®  occurs  »h«i  the  extent  of  oil  ups  tree*  of 
the  boo*  i®  sufficient  to  prevent  entrainment  fail¬ 
ure,  l?ot  the  oil  thickness  et  the  boom  simply  ex¬ 
ceeds  the  boom  draft  slightly  end  so  must  escape. 

Clearly,  the  action  of  eaves  sucer  imposed  on  the  floe  juFt 
described  complicates  the  picture  and  leads  to  loeer  r<«ximum 
velocities  for  effective  containment .  Three-dimensional  effects 
further  complicate  the  floes  associated  eith  real  oil  boons . 

The  purpose  of  the  experimental  and  analytical  study 
reported  here  was  to  develop  as  understanding  of  these  complex 
flows  and  thus  to  provide  information  necessary  for  the  design 
and  evaluation  of  oil  containment  booms. 

The  problem  of  oil  containment  was  approached  in  a  manner 
such  that  theoretical  and  experimental  efforts  were  complementary . 
Thus,  experiments  were  dealene*  t*  ***t  thaoretic*:  pr«hicvl 
The  theory  was  altered,  in  turn*  to  reflect  experimental  final  rg* 
and  to  suggest  directions  for  further  laboratory  studies.  Be¬ 
cause  of  the  great  interdependence  between  the  experimental  and 
analytical  work  carried  out  In  this  investigation,  the  following 
section  (IT)  describes  ths  various  aspects  of  the  study,  review* 
existing  information,  asp lain#  the  which  were  carried 

out  and  frequently  i  vfera  to  the  experimental  results  whien  are 
presented  In  detail  in  later  sections,  Section  is  therefore 
a  summary  of  the  various  aspects  of  oil  slick  hydrodynamic*  cased 
on  both  experimental  and  theoretical  efforts,  locations  and 
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curves  which  may  be  useful  to  the  boom  designer  are  also  presented 
in  Beetles  II,  The  design  curves  are  generally  applicable  to 
full  scale  boose*  and  have  been  projected  from  m-4al  test  results 
with  corrections*  where  necessary*  to  account  for  model  scale 
effects .  Details  of  the  model  test  equipment  and  procedures  that 
were  us ad  can  be  found  in  Section  III, 

Substantive  data  and  discussion  of  the  modal  teat  results 
that  we  have  used  to  develop  the  summary  of  hydrodynamics  are 
presented  in  Section  IV. 
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II,  SUWIARY  OF  OIL  SUCK  HYDRODYNAKI OS 

A.  The  Headway* 

TJ*e  headwav  Is  a  characteristic  pnenoraenon  of  two-pl  asa, 
density -stratified  flows.  Headway e  formations  have  beon  observed 
at  the  leading  edge  of:  tuuddy  water  flowing  In  clear  water  (tur¬ 
bidity  currents)*  salt  water  Intrusion  in  fresh  water,  cold 
fronts  acting  into  war*  air,  and  oil  slides  contain  d  by  boons 
against  water  current  {see  Figure  2)  and  Reference  9).  Dimen¬ 
sional  analysis  shows  that  the  details  of  stratified  flows  are 
controlled  by  three  major  non-dleensl onal  parameters:  Reynolds' 
number,  Weber  numbers  and  Fraud c  number.  These  parameters  are 
associated  with  the  balance  between  inertial  and  viscous  forces, 
inertial  and  interfaclal  tension  forces,  and  inertial  and  buoyant 
forces,  respectively.  n  the  Ideal  case  of  invisrld  fluids  with 
no  lnterfaclal  tension,  the  flow  can  be  characterized  entirely  by 
the  dens lme trie  Froude  number: 


where 

U  •  Relative  fluid  velocity*  ft /sec 
g  •  Local  gravitational  acceleration,  ft/sec* 
i  *  A  tharact  eristic*  *.angth,  ft 
Ap  *  Density  difference  between  fluids,  i.e.,  Ibm/ft* 

p  *  Average  density  of  fluids,  lb«/ft* 
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Por  the  particular  case  of  an  oil  sHck  headway*  (far  u'- 
atreaa,  so  as  not  to  be  influence!  by  the  boo*),  It  Is  convenient 
to  redefine  the  denalaetrlc  Proud e  nuatber 


where 


t^  »  ftsxlaua  headway e  thickness, 

P0 

s  «  Specific  gravity  of  oil  — 
S'  »  *(  1-s),  ft/sec* 


ft 

nd 


subscripts  o  and  w  refer  to  oil  and  water,  respective  ly. 

Experimental  evidence  with  real  fluids  (Reference*  1  and  9) 
indicate  the  existence  of  a  unique  headway e  geometry.  Thus,  the 
shape  of  the  headway e  Is  fixed  (see  figure  21),  the  ratio  of 

headway#  “hlcknees  to  slick  thickness  t.  /t,  1*  fixed,  and  t  is 

n  n 

proportional  to  U*/g'.  The  proportionality  constant  (?d*)  Is 
not  known  exactly ,  However,  the  fr^edwave  Proud#  number  has  gen¬ 
erally  bear  observed  to  w#  eloae  to  <jnlty .  Heal  fluid  effects 
arising  frae  viscous  and  l~ ter facial  forces  can  alter  the  size 
and  gecasrtry  of  ths  headway e  from  the  ideal  case.  Experimental 
data  are  presented  in  Section  XV -A.  These  data  confirm  that  for 
a  specific  oil  and  Moderate  velocltisc  the  velocity  and  headwave 
ihlcteiMi  are  related  by  a  constant  headwave  Proud#  number  of 
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B.  Oil  lick  Setup 

tfltn  ideal  fluids,  ^he  profi4e  cf  an  oil  slick  contained  In 
cal*  *«tar  would  consist  of  a  leading  edge  headwave  followed  by 
oil  of  uniform  thickness.  In  reality,  viscous  shear  forces  from 
wind  and  current  cause  the  slick  to  thicken  downstream  ft am  a 
point  of  minimum  thlcaness  behind  the  headwave,  Gravity  waves 
pa&ding  through  the  slick  create  local  disturbances  and  also 
affect  the  average  distribute ,'n  of  oil. 

i .  Wind  and  Current 

The  mechanise:  of  slick  thickening  (References  I,  7  and  10)  in 
wind  and  current  Is  well  understood  in  a  general  sense.  The  oil 
layer  thickens  In  oroer  to  achieve  equilibrium  between  Horizontal 
shear  forces  and  buoyancy  forces.  A  first  oroer  approximat ion  to 
the  differential  equation  governing  the  tMckr»8s  is  developed  i.r 
Ap pend lx  A  and  shows  that 

dm  It 

dx  *  *’V  *  **♦>' 

where 

local  Interfile  la  1  slope,  nd 

tr  *  suss  of  shear  force*  at  free  s^^facj  and  tr.t  interface, 

ibf/n* 

t  •  local  slick  thickness,  ft 
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Itie  difficulty  with  using  this  theory  lies  In  the  great  complexity 
involved  in  the  shear  forces.  Available  theories  for  shear  forces 
on  solid  bodies  are  inadequate  to  account  for  such  effects  as  In¬ 
terfacial  capillary  waves,  How  separation  behind  the  hfc.dwave, 
and  circulation  In  the  oil  slick. 

For  engineering  estimates  the  problem  of  slick  setup  can  be 
greatly  simplified  by  assuming  that  the  "hear  forces  are  constant 
along  the  slick.  Hence,  the  slick  is  assumed  to  have  a  parabolic 
^hlcknesa  distribution  behind  the  neadwave.  Slick  setup  Is  then 
easily  calculated  by  using  err.  *  *  ically  determined  shear  coeffici¬ 
ents,  The  greatest  difficulty  using  this  method  lies  in  extrapo¬ 
lating  the  coefficients  found  from  small  scale  model  tests  to  fuU 
scale  conditions. 

Data  for  oil  slick  setup  in  current  are  presenter  in  3e:tiC' 
IV-R.  Similar  data  for  ?e*  ,p  in  wind  are  four, a  1-  Reference  * . 

The  vomputer  program  11s Ltd  in  Appendix  B  vas  us  .-i  tc  find  coef¬ 
ficients  for  the  simplified  eory  that  would  giv-  good  agreement 
with  experimental  date.  ITtese  coefficients  (see  Table  *  )  ranged 

from  head  wave  Froude  number  F,  *  i.Q  to  i.3  ar.d  irterfacia* 

d 

friction  coefficient  Cf  *  0.00<?  to  G.Oii, 

l^rplcal  predictions  of  the  sis^s  lifted  oil  s^ck  setup  theory 
(Appendix  A)  are  *how«.  in  Figures  1  tc  h  2*0 -dlmem.  tonal  Stick 
length  and  oil  thickness  at  the  boom  are  shown  a*  a  function  of 
currant  for  several  values  of:  specific  contained  volume,  oil 
specific  gravity,  headwav*  Froude  number,  and  ir.tarfaeial  fric¬ 
tion  coefficient.  The  effects  of  contained  velum*  and  specific 
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gravity  can  be  seen  ir  Figures  1  and  2,  while  Figures  <  and  • 

show  the  relative  Importance  of  variations  In  headwave  Fronde 

number  P.  and  lnterfac ial  friction  coefficient  J,..  Model  test 
a  r 

data  a..'*  --^mar Isons  between  data  and  corrtpui  slick  length  are 
presented  and  discussed  in  Section  IY-B. 

It  should  be  noted  that  tr.ese  projections  for  slick  length 
and  fchi  knees  may  not  be  of  practical.  Interest  over  the  entire 
ranges  of  parameters  giver..  Per  example,  tne  slick  length  of  a 
large  volume  of  oil  in  high  current  may'  be  a  m~ct  point  because 
It  is  not  physically  possible  to  collect  and/or  contain  a  a  lick 
under  these  conditions  . * 

2.  Waves 

An  experimental  study  was  conducted  on  the  effects  of 
combined  current  and  waved  on  the  setup  or  thickening  of  a  con¬ 
tained  oil  slick.  "ties-  test*  indicated  that  unde:  detain  con¬ 
ditions  there  could  be  significant  increases  (up  : :  *  factor  of 
3)  Ir  the  mean  slick  thickness  over  tne  current  alone  case  ?n 
details  of  the  tests  conducted  and  photograph*  -vf  this  phtnomen 
are  presented  in  Section  IV-E.l. 


general  warning  is  in  order  concerning  the  full  scale 
projections  presented  in  this  section.  These  have  beer,  made  t 
the  beet  of  our  knowledge  but  it  was  required  to  make  many  f-lm 
plifying  ae gumptions .  We  do  not  know  to  what  ext er  *  ejctrapc»a 
tion  of  test  data  Is  Justifiable.  In  som*  case* ,  design  Curve 
mwf  have  been  extended,  beyond  the  point  where  realistic  estiaa 
can  be  made  at  this  time. 
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To  date  it  has  not  been  possible  to  provide  a  quantitative 
theory  for  slick  setup  in  combined  current  and  waves.  It  is 
probable  that  a  1 ilanee  Is  established  between  the  incident,  re¬ 
flected,  and  transmitted  wave  energy  and  the  thickening  of  the 
slick.  The  mechanism  by  which  trie  balance  Is  achieved  Is  not 
understood  at  this  time.  As  a  result,  the  relative  importance 
of  the  boo,  response  characterisf ics  ana  slick  characteristics 
is  not  clear. 

At  the  scale  of  the  tests,  the  maximum  setup  of  the  slick 
was  accompanied  by  the  breaking  of  the  incident  waves  in  the 
slick.  In  this  regard,  the  most  important  parameter  Influencing 
the  setup  under  the  conditions  tested  was  tKe  steepness  of  the 
incident  waves.  These  data  arc  presented  in  Figure  30.  Figure  31 
present*  neee  data  in  a  dimensional  fora  as  a  function  of  wave 
height  and  period.  Large  setups  are  seen  to  have  occurred  for 
the  range  of  frequencies  tested.  Thus  it  is  feit  that  a  simple 
resonance  phenomenon  1  S  fi-Otr  the  responsible  mechanism. 

Several  boom  model*  1th  different  re&yonsc  characteristics 
were  included  in  the  teats.  In  the  case  of  a  rigid  barrier,  with 
a  draft  that  was  large  with  respect  to  wave  length,  even  oteep 
waves  were  reflected  with  no  setup  resulting.  However,  for  other 
boom  models  with  varying  atecunts  of  surme,  pitch*  ana  heave  stiff¬ 
ness  and  dimensions  ! 1  with  respect  to  the  waves,  the  barrier 
characteristics  had  only  minor  effects  on  the  setup. 
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A  review  of  the  photograph  in  Figure  29  indicates  that  the 
typical  gravity  headway©  shape  of'  the  leading  edge  of  the  slick 
bee o»es  wore  distorted  with  increasing  setup  due  to  Thus 

It  is  unlikely  that  a  simple  superposition  of  velocities  is  re¬ 
sponsible  for  the  increased  setup.  Calculations  indicate  that 
the  nasi*  transport  velocity  of  the  wa^es  is  not  large  enough  to 
cause  the  observed  setup. 

If  the  observed  retups  in  combined  current  and  waves  Froude 
scale,  as  the  setups  In  current  alone  do,  then  thl»  phenomenon 
could  have  serious  effects  on  full  scale  containaent.  "Mem  *spth 
will  have  to  be  significantly  increased  to  prevent  catastrophic 
drainage  fe«*ur*s  or  the  current  speed  will  have  to  be  reduced. 
Thus,  as  a  result  of  its  possible  full  scale  importance  and  lack 
of  quantitative  understanding,  oil  slick  setup  in  c cabined  waves 
and  current  ausfc  be  considered  a  prlaary  topic  for  further  study. 

C.  Bntralfuaant 

(Me  of  the  weeiianleas  by  which  oil  can  escape  tram  a  floating 
containment  boon  can  be  described  as  entralnaent .  In  this  type 
of  failure  oil  droplets  froa  the  contained  slick  are  entrained 
into  the  water  passing  under  the  slick  and  are  carried  ben  eat 
the  beat  Baaed  or,  the  axpariaental  and  theoretical  work  con¬ 
ducted,  a  reasonable  qualitative  understanding  of  the  entralnaent 
phono mmm  has  been  developed.  However,  due  to  its  wxtreae  coa- 
plaaity  only  Halted  quantitative  i  n  format i  on  on  entralnaent  is 
available. 
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1.  Dgsgglgfc  Formation 

Itepwriaantal  studies  indicate  that  the  prlR&ry  rsgi£"  is 
which  droplets  are  foraed  and  entrained  into  th*  water  is  just 
behind  the  heedwave.  There  is  a  critical  speed  for  any  given  oil 
at  which  droplets  are  first  formed  and  entrained.  Below  this 
speed  there  is  no  droplet  fora efc*e»  sad  above  tris  speed  the  nus 
her  of  droplets  f erased  and  the  volosts  of  cil  er trained  increases 
rapidly.  The  experimental  procedure®  and  data  on  which  these 
conclusions  art  based  are  presented  in  Sections  III  and  IV-/* , 

The  critical  speed  for  drof'et  formation  is  a  complex 
function  of  the  interfacial  tension  between  the  oil  and  water 
and  the  viscosity  and  density  of  the  oil.  The  experiments  des¬ 
cribed  in  Section  IV  -C  indicate  that  the  critical  -speed  for  drop¬ 
let  formation  is  strongly  Influenced  by  the  interffceial  tension. 
The  aval lab l j  data  Indicates  that  the  critical  speed  varies  as 
the  ifiterfaelal  tensloi.  to  the  1/*  power.  The  effect  of  varia¬ 
tions  in  density  and  viscosity  on  droplet  forest ion  spaed  Is  auen 
less  than  the  effect  of  inter facial  tana ion.  A  five  percent  in¬ 
crease  in  density  and  a  90  fold  increase  in  viscosity  reduced  the 
droplet  forwatl Jn  speed  18  percent  er  fro*  1.1  to  .9  ft/sec.  If 
it  is  aesuCMd  that  there  are  no  anomalous  changes  of  the  droplet 
formation  speed  within  or  near  the  range  of  properties  tested. 

It  nay  be  expected  that  for  the  range  of  oil  produced  or  trans¬ 
ported  by  see,  the  droplet  formation  speed  will  ran**  V'utsea  .8 
and  1,3  ft/sec.  The  exact  value  of  droplet  formation  spaed  for 
any  given  oil  product  will  have  to  be  determined  by  eeperlaente 
such  as  those  described  In  Section  IV -C. 
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Ihc  quantitative  analysis  of  entrainment  losses  is  ssade  ssuch 
more  ccs  la,'  by  the  f*ct  that  the  oil  droplets  formed  behind  the 
head****  are  sf  two  types  (see  Sec  tier  I7-C) .  These  include  email 
dreo*  ‘.if  poTw  oil  end  large  oil  covered  water  droplets  which  con¬ 
tain  only  a  small  volume  of  oil.  Ihe  tendency  to  fonts  these  two 
types  of  droplets  is  a  function  of  the  characteristics  of  the  oil 
including  additives  and  the  current  speed.  A  such  sore  detailed 
test  program  will  be  required  to  determine  the  types  of  oil  and 
the  conditions  which  result  In  a  significant  formation  of  oil 
covered  water  droplets. 


The  else  of  the  oil  droplets  that  are  formed  behind  the 
hee&ware  Is  critical  in  determ4  ting  their  rise  velocity  am*  thus 
the  conditions  umtar  which  oil  will  be  met.  An  defensive  review 


of  the  literature  {References  2,  3  and  *)  m  droplet  breakup  in¬ 
dicates  that  the  site  of  the  droplet*  will  depend  on  interfacial 

tension*  c*  speed*  0,  viscosity  of  the  continuous  fluid*  v  • 

w 

viscosity  of  the  droplet,  »o*  density  of  the  eer.Siou <mtM  fluid* 
pm»  and  the  denelty  of  the  droplet*  po<  The  most  probable  rela¬ 
tionship  for  the  droplet  site  has  the  form  (ftafarene#  A) 


Mamet ar  d  -  Ct 


Depending  on  the  flow  conditions,  three  sets  of  vexues  have  been 


proposed  for  *,ht  constant  M%  and  Ns. 

They  ere 

Oase  1 

*i  •  .5 

*t  -  i. 

flhos  2 

o 

'  f 

r»i 

« 

■r 

Us  -  2.0 

Cass  3 

*i  -  1.5 

*»  •  2.5 
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The  waiter  described  in  Section  IV -C  tndi«at«  that  cent  2  or 

case  3  l»  t!»  acre  lively  one.  Further  exparlaciita  are  require, 
to  confirm  the  correct  values  for  a  breaking  headway#.  For  case  2 
the  value  of  C%  tor  the  tjr^ieal  droplet  diameter  la  7.26  and  for 
case  3  the  value  for  C*  is  251. 

rt  *•  ft .  *» 

Mote:  Ci  has  dlaansion 

the  relationship  presented  above  applies  only  to  the  caee  of 
pure  oil  droplets.  No  information  is  presently  available  on  the 
relationships  which  govern  the  else  or  oil  content  of  an  oil 
severed  water  droplet. 

In  the  experiments  reported  la  Section  ¥<€  all  droplet  forma¬ 
tion  was  observed  to  taka  place  at  the  aft  side  of  the  headways  or, 
in  eoae  oases,  to  a  Ua?*e*  eatent  dlrasfcly  In  front  of  the  boos. 

In  no  eases  ware  the  Interfacial  waves  between  the  headways  and 
the  boos  observed  tt?  tccaae  unstable  and  entrain  droplet*  in  the 
water.  In  testa  with  large  specific  volumes  of  diesel  oil,  oil 
covered  water  droplet*,  which  were  formed  at  the  headways,  re¬ 
turned  to  the  oil  water  interface  before  reeeisiag  the  boos  but  did 
net  coalesce.  These  drops  were  then  carried  aft  by  the  f  aow  and 
gave  the  superficial  appearance  that  frhar  were  formed  at  the  inter* 
face.  It  is  believed  that  because  of  the  similar  teat  conditions, 
the  inter fhcial  entrainment  report  ed  by  flui  A  a  M  la  the  III  Ison 
Industries  design  report  was  actually  this  phenomenon,  Neferen©*  1. 
However  it  is  possible  far  higher  speeds  (above  1  kt)  than  tested 
end  i~7g  slick  lengths  that  droplate  from  intarfaelal  waves  will 
be  entrained. 
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Tfceoretlcal  stability  criteria  can  only  predict  the  speed  at 
which  the  flow  first  becomes  unstable,  e.g. ,  Kalvin-Helaholtz 
criterion  for  interfacial  capillary  waves: 


The  break  up  of  iaterfecial  waves  into  droplets  occurs  at  a  higher 
apeed  which  wust  be  found  experimentally .  It  is  possible  that 
Keulagan'e  stability  criteria  (Reference  5)  way  yield  a  suitable 
mpirleal  eons  tact  li 


B  « 


2.  | gfl^gfc  «Ue 

In  order  for  losasa  to  oeeur  by  entrainment,  the  droplets 
must  not  have  risen  bask  to  the  interface  and  coalesced  by  the 
time  the  boon  is  reached.  For  pure  oil  droplets,  it  is  realistic 
to  smsiime  that  the  droplets  coalesce  as  coon  as  they  reach  the 
oil  matar  interface,  this  la  met  true  for  oil  covered  water  crop- 
lata,  lias  for  pure  oil  drop  lata,  the  velocity  at  which  oil  is 
lost  i a  a  function  of  the  slick  length  between  the  boos  and  hsao- 
wavs  droplet  rise  velocity  ?y,  and  the  rise  height .  it  is 
reasonable  to  mmk  (baeed  oa  observation )  that  droplets  are 
entrained  to  a  depth  of  13$  times  the  aaaduavs  thickness  (th; 
end  that  the  rise  height  is  steal  to  the  difference  between  the 
entrained  depth  and  the  depth  of  Ml  behind  the  haedwave.  The 
maaiswsk  velocity  for  which  all  of  the  oil  returns  tc  tiu  -lick  is 

given  bf  f  e  ,  Inforration  on  the  geometry  of  the  heedwave 

la  given  la  goctiii  rr-4. 
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The  following  formulation*  aagr  be  need  to  provide  a  first 
order  estimate  of  the  drqplat  terminal  rise  velocity  for  the 
range  of  Reynold '  s  number*  indicated 

fV\ 

l.  Newten's  Lsw  for  Re  •  I  —  I  >  500 


»  - 1.7%  /r* 

I r 


2.  Intermedia**  Law  for  2  <  Re  <  500 


4i.i% 


J,  SttS»*a  Ue  for  Be  «£  2 


* 


(team  the  la  la  the  vidlaity  of  tt*  boom  (t^  <  3B}» 

the  flew  flat#  *t  the  mm  a«g*a*mftee  ttee  flew  behlafi  the  headweve 

and  eii  ym  mm  *****  •*  *  u»*r  **•*&  ***w®*1  •p*** 


Mamed  sa  the  relatiomefelpe  pramsted  above  it  la  pcaelbie  to 
«wtimate»  mm  >U«k  laagy*  meeaseawy  to  prerat  aatraimaattt  of  a 
drop!**  f«raK  at  HKwwrfi  for  a  fira  speed  c#.  The  volume 
and  th&eMmee  of  the  ette*  at  the  repaired  length  mar  be  obtained 
from  the  tefratim  Ut  teener  II -A  end  ». 
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Ttie  procedures  described  above  to  calculate  minimum  required 
slick  lengths  have  been  programmed  and  typical  results  are  pre¬ 
sented  in  Figures  5  and  6.  Figure  5  is  based  on  the  optimistic 
assumption  that  droplet  size  varies  as  ^ase  2  and  that  oil  of  a 
given  specific  gravity  has  a  typical  viscosity.  Figure  6  is 
based  on  the  pessimist4 -  .assumption  that  the  droplet  size  varies 
m  ease  3  end  oil  of  a  given  specific  gravity  has  the  lowest  prob¬ 
able  viscosity.  The  calculations  Indicate  that  for  higher  current 
speeds  the  more  dense  olle  require  shorter  slicks  than  the  lighter 
oils.  This  a uprising  result  is  due  to  the  effects  of  viscosity. 
fh«  «e»  viscous  drops  are  larger  and  as  a  result  a  point  is 
reaahad  when  their  drag  coefficient  is  sufficiently  lower  than 
that  of  the  smaller  lighter  drops  the  they  rise  faster  in  spite 
of  their  greater  density. 

iH&mm  $  and  6  indicate  ease  of  the  problem  of  trying  to 
contain  Ml  in  currents  of  2  knots.  At  this  speed  the  minimum 
slick  length  to  prevent  entrainment  of  droplets  from  the  head- 
mace  c©*M  gifetge  firm  $0  ft  to  over  200  ft  depending  or  the  oil 
and  imM,  Xt-  order  to  prevent  drainage  failure  with 

oil  of  spati.lia  gravity  »  .95  at  the  required  slick  lengths,  the 
barrier  depth  aunt  be  between  *  and  5  feet.  In  order  to  maintain 
then#  slick  ieagthc  niifc  entrainment  losses,  the  boon 

Hunt  he  dspl!r*«i  ia  a  map*?  deep  *0*  configuration  or  a  rectangular 
cor  figuration. 
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At  speeds  of  1  knot  the  situation  is  stuch  improved  in  that 
the  mini huk  required  slick  lengths  decrease  to  between  6  and  12 
feet.  At  speeds  of  about  3/A  knot,  entrainment  is  no  longer  a 
problem  in  that  the  headway e  does  not  brew*  up .  Bear  in  alnd 
that  the  forgoing  discussion  applies  only  to  *  licks  contained  in 
caia  The  effect  of  eaves  on  droplet  formation  is  dis¬ 

cussed  in  Section  II -C. A. 

3.  Batralnunt  Loss 

As  indicated  above,  the  development  of  quantitative  informa¬ 
tion  on  entrainment  lots  rates  presents  several  complex  problems . 
Tfc~  available  experimental  data  are  presented  in  Section  IV-C,  Tm 
use  of  tlrsee  data  to  p~«dlct  full  scale  entrainment  lose  rates 
requires  that  a  number  of  assumptions  be  msde.  These  assumptions 
have  been  made  and  a  ssml -empirical  theory  for  entrainment  loss 
rate  is  presented  below.  These  assumptions  should  be  regarded  as 
tentative  until  more  experimental  data  can  be  obtained. 

In  order  to  calculate  the  entrainment  loss  rate,  the  volume 
rate  at  which  oil  droplets  are  entrained  from  the  headwave  region 
and  the  volume  of  these  droplets  which  escape  under  the  b-xe  must 
he  dstavmimd.  In  Reference  6  the  entrainment  rate  of  eternal 
fluid  into  a  hee leave  region  of  a  two-dimen  talanal  gravity  current 
in  tmo  miscible  fluids  Is  sxvan  by 
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whure 

# 

-  totralnaent  rate,  ft*/ft-aec 
A '  *  Intrairaaent  coefficient,  nd 
0  -  Current  speed,  ft/sec 

C 

t  •  Haadwave  thickness.  ft 
n 

The  first  assumption  aads  la  that  this  type  of  equation  can 
be  applied  to  the  case  of  *  two  ~diaansl  anal  gravity  current  in 
Icalsclbls  fluids  in  which  entrainoent  is  by  droplet  formation. 

The  entralnaent  coefficient  A*  can  be  estla*ted  tram  ahtralnaent 
data  for  the  ease  when  the  headways  region  Is  close  enough  to  che 
boon  that  all  droplets  for* ad  can  bs  taken  to  bars  been  lost  under 
the  booa.  Table  l  presents  the  values  of  A 1  deducri  froe  the  data 
In  Section  TT-C.I. 


T&SLS  1 


tbtrminmaat  Coefficients 
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Gravity 
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The  entrainment  coefficients  in  Table  l  apply  only  to  the 
caae  of  pure  oil  droplets.  It  should  also  be  mted  that  this 
coefficient,  aaj r  also  be  a  complex  function  of  oil  properties 

such  as  Interfacial  tension,  viscosity  and  density.  Mo  informa¬ 
tion  is  available  on  the  effects  of  these  properties  on 

The  rate  at  which  droplets,  wnlch  have  been  entrained,  escape 
under  the  boo*  can  be  estimated  if  it  assumed  that  any  droplets 
which  have  not  risen  back;  to  the  s lick  by  the  tie*  the  booet  is 
reached  are  lost.  This  is  not  strictly  true  but  it  is  a  good 
first  approximation  and  it  conservative.  Information  on  minimum 
droplet  else  and  rise  velocity  are  presented  in  Sections  xi-C.I 
and  II -C. 2  above.  Alt4.o»»gh  no  detailed  measurements  have  been 
smde*  observations  suggest  that  the  largest  pure  oil  dfuplet*  are 
about  t  times  the  diameter  of  the  smallest.  It  has  also  been 
assumed  that  the  distribution  of  volume  between  the  largest,  and 
smallest  droplets  is  uniform.  Thif  assumption  should  be  checked 
experimental  ly . 

Based  on  the  above  analysis  a  computer  program  wee  m  itten 
to  calculate  entreinaent  loss  retaa  as  a  function  of  current  speed 
oil  volume  and  oil  properties .  This  program  is  described  in 
Appendix  B.  A  comparison  between  calculated  and  measured  entrain¬ 
ment  loss  mt«  is  presented  in  Figure  7.  Considering  the  many 
assumptions  and  simplifications  in  the  theory*  the  agreement  is 
satisfactory. 
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In  order  to  determine  tne  importance  cf  entrainment 


under  full  scale  conditions,,  a  aeries  of  p&ramet 


leu  iatl  ons 


were  carried  out 


The  results  are  presentee  ir  Figure  6.  Although 


the  lose  rate  per  second  per  foot  of  boom  may  seem  small,  for  re¬ 
alistic  boom  lengths  and  times  the  ..  oss  ecu  id  be  unacceptable.  For 
example,  in  a  current  of  £  ft/sec  a  1000- ft  boom  containing  10, COO 
ft*  (about  £50  tons)  of  oil  of  ,?5  specific  gravity  and  distributed 
uniformly  along  the  too®,  oil  will  be  lost  at  a  rate  of  1  *  10  3  ft* 
per  sec  per  foot  of  bcom.  This  amounts  to  a  total  loss  of  „  ft3 
per  second  or  3600  ft*  par  hour  If  the  total  volume  is  intalnr.' . 
Thus,  it  may  be  concluded  that  entrainment  losses  w? .  be  impor¬ 
tant  and  can  beat  oc  controlled  by  maintaining  low  current  ••elo- 
cltiea  and  long  sliest  lengths.  A  more  detailed  example  is  pre¬ 
sented  in  Appendix  C . 


** .  Effect  or  Waves  or.  iu.traiumar.t  Loss 

An  analysis  and  prediction  of  the  quantitative  of 

wave*  or.  the  antralrsaer.t  less  rate  pas  v  a  floating:  boots  is  an 
extremely  complex  probi.es.  As  a  result,  qualitative  ar  '  quantita¬ 
tive  projection*  of  the  effect  of  eaves  on  entrainment  must  be 
largely  based  on  the  limit  *d  experiments  1  observations  available. 
The##  experimental  obeervaticne  are  reported  in  Section  xv-E  »r--i 
indicate  that  there  are  three  source*  cf  entrainment  ic^s-  in 
eavee  .  fheae  source#  a*  e  suussarizec  ue,  * . 

(I)  Headwav e  .Effects 


“Hie  wave  orbital  velocities  tend  to  superimpose  an  the 
current  velocities  at  the  wave  crests  and  cause  ar.  i*  crease 
in  the  headway e  entrainment.  Effective  auditions  to  the 
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current  velocity  of  fror.  20  to  70  percent  were  not m!  (see 
Section  iv-E,  2}  In  shallow  waves,  i.e.,  ’  'K  <  C.CK. 

A  quantitative  estimate  of  the  importance  of  this  effect 
can  be  derived  frees  tne  Information  in  Figures  5  and  6.  In 
a  current  of  one  knot  and  &  5  ft.  wave  with  a  5  #e*.  perloo 
the  efffective  current  at  the  ^eadwave  my  be  on  the  order 
of  3.5  ft /sec.  '!$lng  Pigure  5  and  calculating  backward  for 
a  S C  «*  „8*>,  the  rise  /elocity  of  the  smallest  drop  will  be 
abort  .066  ft/sec  and  it  will  have  to  rise  about  1.4i  ft. 

The  average  currant  sweeping  it  aft  is  one  knot  which  will 
require  a  slick  length  of  about  36  feat  to  prevent  loss.  Th4  :• 
compares  with  e  slick  length  of  4  ft  for  a  one  knot  current 
ir  ce.^a  „mter. 

In  the  event  the  slick  is  short  enough  so  that  -oet  of 
the  entrained  droplets  escape.  It  nay  be  expected  that  the 
loss  rate  will  approach  the  asympt otic  loss  rate  indicated 
in  Figure  8  f&r  the  value  of  the  effective  current.  It  is 
likely  that  the  value  of  the  entrainment  coefficient,  S' » 
will  be  effected  by  the  increased  turbulence  in  waves  and 
as  a  result  the  use  of  information  from  figure  8  must  be  ru-  ‘ 
giuNM  with  caution.  There  are  uo  experimental  data  avail¬ 
able  at  this  time  on  the  effect  of  waves  on  j9! . 

CO  Sr****1*  *»v 

8ie*p  wavse  that  enter  a  slick  may  steepen  further  and 
break.  T*'s  resulting  turbulence  results  in  the  formation 
and  entrainment  of  droplets  at  the  interface,  iio  Quantitative 


information  on  the  entrainment  loss  rate  fro®  this  source 
i«*  available.  It  is  probable  that  this  type  of  entrainment 
la  most  serious  under  the  same  stave  conditions  which  cause 
large  setup  of  the  slick.  'Phis  phenomenon  discussed  in 
Section  II -B.2. 

(3 )  Rear  Book  Batrelng§fe»..t 

Kntralnment  losses  can  occur  from  the  region  of  .1  slick 
near  the  boost  when  there  are  large  relative  actions  between 
the  boon  and  the  surrounding  fluid.  Relative  motions  in  the 
horizontal  plane  are  much  acre  serious  in  this  regard  than 
notions  in  the  vertical  plane.  The  worst  near  bom  entrain- 
swat  oi mierved  in  the  model  teats  (see  Section  IV-B.3 )  accus¬ 
ed  in  the  case  of  a  boon  concept  which  was  restrained  in 
surge  but  free  in  pitch.  The  resulting  pitch  motions  from 
the  « urge-pitch  coupling  resulted  In  large  alternating  rela¬ 
tive  velocities  at  the  lower  edge  of  the  boom.  The  "start!  4 
vortices  sMch  were  formed  under  the  boosa  v.ntralneo  oil  fro« 
the  slick.  Restraining  the  boom  in  pitch  with  a  towing 
bridle  greatly  reduce  the  pi'  nh  motions  and,  thus,  the  ®r- 
tralOMHit  losses.  The  smliest  relative  motions  ir.  the  hori¬ 
zontal  plane  wars  obtained  when  the  boos  seosais  were  giver, 
eeeg} lienee  in  surge  ana  were  restrained  in  pitch  Halt 4*0 

quantitative  information  concerning  conditions  under  which 
losses  (hue  to  near  boom  effects  will  occur  is  discussed  in 
•action  IT  B.3. 


hoc  mtr&tsmmt  &£eepfc  In  the  case  of  large  discontinuous 


Boacwhat  mt  of  phase  with  the  waves »  the  r«*sultlng  egita 
tie®  drives  oil  droplets  dona  Into  the  water  eoluwKt  where 


the  simplified  theory  for  a  lick  setup  in  cala  eater  can  he 
readily  used  to  predict  the  mtxiMm  velum  of  Oil  that  can  to# 
obtained  a  'torn*  In  current.  Stoe  eaaunptlca  is  made  that  a 
particular  seeelfic  yolusss  is  contained  if  the  boon  draft  B  *  t*a 
wfeere  t  Is  the  slick  thickness  at  the  too m  and  s  the  oil  specific 
Sr-avlt,? .  Any  oil  In  ttxews  of  the  aj&sltsysi  volume  is  lost  toy 
drainage  under  the  coon.  Aa  «oucfcicus  given  in  Appendix  A  for 
setup  are  used  to  develop  the  following  expression  for  saxlmce 


f  m  Specific  voVma,  ftr/**t 
H  -  Boom  draft,  ft 
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F^  *  Boob  Froude  Munber  UZ/gTHT 
F^  *  Head  wave  Froude  Nuober 
Cf  «  Inter facial  friction  coefficient 
Topical  curves  free  this  equation  are  shown  in  Figure  9. 

The  curves  are  straight  lines  when  the  boon  Froude  nunfcer 

is  less  than  0.6  and  0.9  for  F.  *  1.0  and  1.4,  respectively.  The 

a 

slope  Is  just  -2.0.  Thus,  for  low  values  of  the  naxlnun  non- 
diasnsicnal  contained  oil  voluae  is  proportional  to  l/F^* ,  so  for 
a  particular  oil,  the  imucIbmq  specific  voluae  that  can  be  contained 
is  proportional  to  If  a  waalaua  voluas  o'  .»il  were  con¬ 

tained  in  soae  current  and  then  the  current  was  increased  tan 
percent,  about  20  percent  of  the  voluae  would  be  lost  by  drainage 
establishing  a  new  equilibrlua  condition. 

The  nairlwMii  boon  Froude  nuatber  for  wh<<* oil  theoretically 
ca*'  contained  corresponds  to  ¥/H*  *  IJfc  *•••»  when  the  oil 
voxw  is  just  equal  to  the  haadwave  viiws*  und  the  joob  draft 
Is  equal  to  the  sdnlaua  oil  depth  behind  the  headway* .  This  is 
an  unstable  condition;  'ey  disturbance  will  causa  the  entire 
voluae  to  drain  under  the  boon.  For  eaall  volume,  WH*  <  15 
the  haadwave  is  influenced  by  the  boon's  flow  field  at  high  boon 
Froude  lumbers.  Kxperlnents  indicate  that  in  this  region  the 
Uniting  current  at  which  the  oil  can  be  contained  before  complete 
drainage  failure  occurs  can  be  approxlnated  by  «  F^. 
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Ko  model  tests  were  made  la  this  progra*  to  check  the 
theoretical  predictions  of  ixiauB  volume  that  can  be  contained 
for  large  values  of  ¥/&*.  however,  data  presented  In  Robbins' 
Thesis,  Reference  ?,  for  Sc.  2  Diesel  Fuel  show  good  agreement 
with  the  theory  for  a  value  of  Cf  »  0.003.  Unfortunately ,  these 
data  were  obtained  from  very  small  scale  taste  at  low  current 
speeds. 

It  should  be  noted  that  local  thinning  of  the  slick  that  Is 
no.  sally  observed  ,1*t  ahead  of  the  boas  (see  photographs  in  Fig¬ 
ure  23)  does  not  occur  when  the  oil  depth  at  the  boom  is  equal  to 
the  boon  depth.  This  thinning  is  associated  with  the  separated 
region  below  the  slick  and  ahead  of  the  boon.  The  slse  of  thlr 
eddy  is  roughly  proportional  to  the  depth  of  the  boon  extending 
below  the  oil  slick.  As  the  oil  depth  increases  at  the  boon,  the 
eddy  fcacossw*  smaller  and  final V  disappears  when  the  oil  depth  is 
equal  to  the  boon  draft. 

The  effect  of  waves  on  drainage  is  closely  related  to  slick 
setup  in  waves  which  wee  discussed  in  Section  II -B.  2. 

A  staple  approach  to  the  design  of  boon  draft  to  prevent 
drainage  in  waves  is  to  let 

t 

H  -  t  ■  ji  •  a 
c 
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where 


H  •*  boon  draft 


t  «  6  lick  thickness  at  boo*  In  caiia  water 
t 

*  wave  setup  factor  {see  Section  I¥-£*l  and  Plgurt  30) 


a  *  a  factor  which  accounts  for  relative  heave  notion  of 
the  bocm  with  respect  to  the  Interface 

E.  Scale  Model  Mtlng. 

In  oyd&r  to  eealwpte  and  refine  the  characteristics  of  an 
oil  Coos  f  4gn»  it  Mild  he  daairabia  to  be  able  to  conduct  tru* 
seals  mriei  testa,  fhe  feasibility  of  conducting  such  aodel  tests 
hm  be#? s  investigated  and  the  testing  procedures  developed  to  the 
mtmt  possible  within  the  lisdtations  of  the  scaling  parameters. 

£»  ^sr^cting  a  seal#  node l  test  it  Is  necessary  to  Identify 
the  physical  characteristics  of  the  system  which  are  important . 
fbea*  ctearaeterist'ic®  are  then  sorted  into  dlmsns  ionises  groups 
m  the  baa-ia  of  thwawlies}  efihaiiaraliena  or  dimensional  analysis 
in  the  teat  pragxesa  tfee  raswita  are  derived  as  a  function  of  the 
■  I japertaat  dS$awsaie&i«e*  gsNss^a,-  itse  limitation  of  this  procedure 
is  ttn&b  -  ratal  tf.  |Mf  bt  at  fimciiosi  of  several  distent  l  onsets  groups 
wi&efe  eamaat  ■  be  siaKliaueo'us  lj . 
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Tfc<*  drainage  more  of  failure  Is  directly  related  tc  th® 
Sickening  of  the  slick  in  front  of  the  boon.  The  sHck  Is  a 
typical  gravity  current  which  la  cnar notarized  by  a  head wave 
which  grow*  to  about  twice  the  naan  thickness  of  the  slick  aft 
of  the  headwa* e.  Ifiten  Inertia  and  gravity  dominate,  the  speed 
of  propagation  of  the  a  lick  ean  ba  defined  by  a  krcude  number. 

The  feet  that  headway «  and  slide  propagate  at  a  constant 
Freud e  number  suggests  that  a  critical  spaed  for  drainage  failure 
should  be  defined  on  the  basis  of  a  critical  Proude  nuntoer  bused 
on  boom  depth.  The  teets  to  date  indicate  that  this  failure 
criterion  is  so.  if  the  volume  is  very  large,  the  slick  aft  of 
the  headway*  Will  tend  to  thicken  due  to  lnterfacial  stresses. 
This  will  UtfoL  reduce  the  critical  Prcude  naafcer  few  drainage. 
Bsttwtes  of  this  effect  hare  been  wade  end  ere  r%,  ort«4  In 
Section  II -D. 

The  otn«r  node  of  failure  is  such  wore  difficult  to  eodel 
because  it  Involves  the  entrainment  of  droplets  under  the  boon. 

In  order  to  nodal  the  entmtawant  of  drop  late  the  following  Item 
must  be  node led : 

1.  The  basic  flow  field  around  the  slick  and  boost, 
a.  me  fanntlw  sf  the  droplets, 

3.  The  rise  of  the  droplets  back  to  the  slick  or 
entraliwMKt  under  the  boon. 
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The  basic  configuration  of  the  slick  and  the  floe  field 
arour.i  the  slick  and  boon  will  be  modeled  If  the  Proud e  number 
Is  maintained  and  geometrical ly  similar  booms  and  volumes  of  ell 
are  used. 

•She  scaling  of  the  formation,  size,  and  volume  of  droplets 
off  the  aft  end  of  the  head wave  is  critical.  Por  a  given  oil, 
the  test  results  shorn  that  the  headway e  breaks  and  forms  droplets 
at  a  fixed  speed  eo  long  as  the  heed wave  Is  not  In  the  boon's 
flow  field*  l.s.f  is  greater  than  three  boom  drafts  ahead  of  the 
boom.  This  la  consistent  with  the  hypothesis  that  the  formation 
and  sise  of  the  droplets  is  a  function  oi  the  dynamic  pressure 
forces  tending  .0  cause  break  up  and  the  surface  tension  forces 
reelsting  break  up.  This  results  in  a  form  of  the  Weber  number 
being  an  important  non-dl me«if ional  parameter.  The  form  of  t>- 
Weber  number  is  given  by 

Weber  Humber  - 


where 

Ucr  »  Speed  for  Inception  of  drcplet  formation  at  aft  er>d 
of  heal  wave, 


0  *  Xaterfaeiai  tension* 
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g  *  Gravitation  acceleration  constant, 
p  »  Density  of  water,  and 

Ap  *  Density  difference  between  oil  and  water. 


Th»  critical  speed  any  be  a  function  of  parameters  such  as 
the  density  ratio  and  viscosity  «**.vio  between  the  oil  and  wet o, 
These  can  be  Modeled  by  using  the  sane  oil  in  the  Model  as  full 
scale.  Wien  the  interfacial  tension  is  reduced  to  Maintain  the 
proper  Weber  nuaber  in  a  Model,  a  coerp  Heating  factor  way  be  the 
ratio  of  the  viscous  restoring  forces  to  the  surface  tension  re¬ 
storing  forces  expressed  by  the  paraaseter 


where 


#> 


Viscosity  of  oil. 

Density  of  oil. 

Interfacial  tension,  and 
Characteristic  dimension  such 


droplet  disaster. 
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Reference  3  Indicate?  where  this  parameter  exceeds  0.2  the  maxi¬ 
mum  droplet  size  will  significantly  increase.  Calculations  in¬ 
dicate  that  with  diesel  oil  the  interfacial  tension  may  be  reduced 
by  a  factor  of  16  and  the  droplet  diameter  by  a  factor  of  4  for 
typical  droplet  sixes  without  exceeding  a  value  of  0.2.  There 
could  be  a  problem  with  droplet  sizes,  however,  if  Interfacial 
tensions  are  reduced  in  oils  with  viscosities  one  order  of 
magnitude  greeter  than  dies el  oil. 

The  scaling  of  the  rise  of  the  oil  droplets  back  to  the  slick 
after  they  are  formed  requires  that  the  slick  lengths  be  geometri¬ 
cally  similar  between  model  and  full  size  and  the  ratio  of  drop¬ 
let  terminal  rise  velocity  to  current  speed  be  maintained.  If 
real  fluid  effects  are  unimportant  Proud e  number  scaling  will  re¬ 
sult  in  geometrically  similar  slick  lengths.  The  droplet  diameter 
is  In  theory  correctly  scaled  by  scaling  the  Weber  number.  How¬ 
ever,  the  droplet  terminal  rise  velocity  is  a  function  of  the 
droplet  diameter  and  the  drag  coefficient.  Ihe  drag  coefficient 
is  a  function  of  Reynold*  number  based  on  the  drop  diameter,  ve¬ 
locity  and  viscosity  of  the  water.  The  Reynolds  number  can  be 
maintained  only  if  the  viscosity  of  the  water  can  be  reduced. 

This  is  not  possible. 

It  is  of  interest  to  consider  the  possible  error  in  terminal 
rise  velocity  due  to  the  error  in  the  drag  coefficient.  Table  2 
presents  a  summary  for  the  cw«s  in  which  a  4:1  scale  ratio  has 
been  obtained  by  reducing  the  intsrfeciel  tension  by  a  factor  of 
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16.  Depending  on  the  full  scale  droplet  diameter  the  terminal 
rise  velocity  ratio  can  range  f~*om  30  percent  too  high  to  35  per¬ 
cent  too  lew .  The  actual  full  sire  droplet  diameter  distribution 
Is  not  known  so  that  It  4 3  not  possible  to  be  certain  if  the  model 
test  result*.  for  loss  due  to  entrainment  are  conservative  or 
optimistic.  It  is  our  impression  that  for  thu  full  size  case 
referred  to  in  Table  2  that  droplet  sizes  in  the  range  of  0.1  to 
0.2  inches  will  predominate.  If  this  is  the  case  then  the  model 
results  will  be  conservative.  Some  compensation  for  this  effect 
may  be  possible  in  the  test  program  by  increasing  the  volume  of 
oil  in  front  of  the  boom.  Ifcis  mill  increase  the  slick  length 
and  allow  the  v^rplets,  which  rise  too  sl-eiy,  more  time  to  re¬ 
turn  to  the  slick. 

In  summary,  in  conducting  scale  model  tests  of  oil  retention 
booms  using  oil.  It  is  vital  te  scale  both  the  Proud®  number  and 
Weber  number  of  the  flow.  Even  when  this  is  done  there  will  be 
some  scaling  error  due  to  Reynolds  number  effects  on  the  rise  ve¬ 
locity  cf  the  oil  droplets.  As  a  result,  it  is  expected  that  the 
model  test  results  will  be  conservative.  ITse  extent  to  which  they 
are  conservative  cannot  be  estimated  at  this  time. 
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tabu:  2 

Terminal  Rise  Velocity  Ratios 
Scale  Ratio  «  4 : l  In  Diesel  Oil 
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2.  Sspanalon  of  Topical  Model  Test  Data 

Tfri*  *  action  present*  an  example  of  the  expansion  of  mode* 
teats  data  to  full  scale  using  the  p  ineiples  described  above. 

A  seriaa  of  tests  were  conducted  using  Diesel  oil  *itn  a  specif! 
gravity  of  0.86.  In  these  tests  a  fixed  volume  of  oil  was  con¬ 
tained  in  front  of  the  boots  ever  a  range  of  speeds .  The  amount 
of  oil  lost  in  a  fixed  length  of  run  was  measured.  All  tests 
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w«re  conducted  at  use  same  ratio  of*  bocn  depth  to  water  depth, 
within  tha  limits  of  the  test  facility  tne  scale  ratio  was  changed 
as  much  as  possible.  The  Weber  number  as  • leered  by  reducing 
..ho  int  rfacial  tension  by  the  addition  of  one  percent  by  weight 
cf  fhe  surfac**  active  agent  Zonyl  /.  It  was  determined  that  the 
Interfacial  tension  was  reduced  by  a  factor  of  l6  by  this  pro¬ 
cedure.  In  maintain1 ng  botn  Proud e  number  and  Weber  number  coo- 
' t&nt  this  reduction  in  surface  tension  is  equivalent  to  ar.  in¬ 
crease  in  vel~c.it.,  by  a  factor  of  2  and  scale  ratio  by  a  factor 
r'f  4.  Thus,  a  5"  mod^l  boom  scales  20”  boom  when  the  inter¬ 
facial  tension  ii»  reduced  by  a  fact  .*..■•  of  IS, 

The  experimental  data  for  entrai  ent  loss  ratve  with  reduced 
interfacial  tension  are  presented  in  Figure  27.  These  data  nave 
been  expended  fu*l  Sv.ale  and  the  results  are  presented  In  Fig¬ 
ure  L0.  In  scaling  up  these  data  the  reduction  in  interf&ciai 
tension  by  x  factor  of  16  results  in  a  linear  scale  ratio,  of 
“  0.  This  means  that  the  prototype  contained  volume  in  Xa  or  lc 

times  the  model  volume,  the  prototype  speed  Is  /I  or  2  times  the 

3/2 

mode]  speed  and  the  i^cs  rate  is  X  or  8  times  the  model  loss 
rate.  Figure  10  al'o  presents  the  calculated  entrainment  loss 
rate  based  on  the  theory  presented  in  Section  II-C.3.  There  is 
reasonable  agreement  between  the  theory  and  the  scale  model  data. 

3 .  Conclusions  wltn  Respect  to  Scale  Model  Tests 

(1)  In  conduct!. tg  scale  model  tests  of  oil  boo*^  with 
oil  it  is  necessary  to  scale  both  the  Proude  number  and  Webar 
n  mber  oi  the  flow.  Even  when  the  Froude  number  ana  Weber 
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rmasber  are  scaled,  uncertainties  in  the  scaled  en'.ralfimant 
exist  because  Reynolds  number  effec.^  result  in  droplet  rise 
velocities  which  be  in  error. 

{2)  The  need  to  scale  $eber  number  places  a  Xlrsit  on 
the  scale  ratio  that  can  be  applied  because  of  the  limit  to 
which  infcarfaei&l  tension  can  be  reduced,  With  the  surface 
active  agents  u$ed  so  far,  the  Interfacial  tension  can  be 
reduced  by  a  factor  between  10  and  20,  inis  limits  the 
sa&xlswa  scale  ratio  to  between  about  3  end  4.5. 

III.  S80DXL  T8ST  SQgXPHSfT  AKD  PROCEDURES 


Slxteen-goot  Taax  -  Oil  dynamics  studies  were  begun  In  & 
small  2  x  2  x  16  *t.  towing  tank  having  clear  plastic  sides. 
Valuable  axpas’toac  «  was  gained  fro®  tests  in  this  facility  along 
with  acme  meaningful  data,  However,  the  relatively  short  length 
cf  this  tank  did  not  allow  studies  to  be  made  on  steady  flows. 

To  attain  reasonable  towing  speeds  the  model  was  rapidly  acceler¬ 
ated.  The  high  acceleration  produced  transient  flow  conditions 
which  were  not  completely  damped  out  during  the  course  of  the 
short  run.  The  short  length  also  caused  tests  in  this  facility 
to  oe  limited  to  small  oil  volumes .  Ihus,  most  data  presented 
in  this  report  were  obtained  from  a  larger  eighty -foot  tank 
described  a  the  following  section. 
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-  Tfae  tank  measures  2  a  2  x  80  ft  and  ere 
side  is  aside  of  clear  plastic  sneet  for  viewing,  Ttie  opposite 
side  and  Potto®  are  plywood  and  painted  «Mte.  Hie  tank  is 
shown  in  Figure  11 „  Mater  depth  In  the  tank  was  normal iy  20  in. 
and  reduced  to  16  In.  for  waves. 

live  wav ©maker  Is  a  hinged  plate  at  one  end  of  ti  tank.  The 
plate  is  oscillated  by  a  throw  rod,  Mave  height  Is  varied  by 
changing  the  threw  of  an  eccentric.  »cwer  is  supplied  by  a  l/k  HP 
Graham  variable  speed  drive  allowing  «&ve  frequencies  fro®  O.b  to 
2.0  eps.  Details  of  this  syste®  are  shown  In  figure  12.  The 
stsucimas  allowable  wave  height  (for  16  in.  water  depth}  is  3.5  in. 
for  waves  with  &  period t  T  *  0.75  seconds .  Lower  frequency  waves 
have  lower  maxim®  heights  because  of  throw  limitations  ma  high¬ 
er  frequency  wave  heights  are  limited  by  splashing  between  the 
wave  plate  and  tne  tar-k  end. 

A  blower  was  installed  along  with  the  wav rasaker  to  produce 
wind  generated  waves .  However-,  teats  in  wind  general ea  wav-ts 
were  not  conducted  in  this  study  since  data  are  available  ir* 
Reference  1, 

A  rubber  tired  carriage  rides  on  steel  rails  aiong  the  tops 
of  the  side  walls.  Power  Is  supplied  by  a  1/2  HP  Graham  variable 
speed  drive  through  a  pulley  system  with  a  wire  towing  cable.  De¬ 
tails  of  the  carriage  and  drive  system  arc  shown  in  Figures  13  and 
Ik,  respectively.  Huximu®  carriage  speed  Is  about  3  fps.  Speed 
can  be  aaintalned  within  t  2  percent  ccuracy. 
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B,  Models 

Flat  Plates  -  Most  cal®  water  tests  were  conducted  using  a 
simple  aluminum  flat  plate  suspends  fro®  the  carriage  as  shown 
In  Figure  13.  Boo®  draft,  H,  (to  8  in.)  is  readily  controlled 
in  this  manner.  Soft  rubber  wipers  are  used  to  seal  the  small 
gap  ( 1/8  in.)  between  the  tank  walls  and  the  model  edges.  These 
ho. Ip  to  ire  that  flew  past  the  model  is  two-dimensional.  A 
»e«OMl  flat  plat-s,  iftosm  in  Figure  15,  was  used  along  with  the 
first  in  double  boom  tests. 

Wedge  -  A  90°  wedge  (see  sketch  below)  was  tested  in  calm 
water  to  determine  effects  of  boon  cross-section  geometry  on  oil 
retention  ability.  This  model  is  suspended  the  same  manner  as 
the  flat  plale  and  has  rubber  wipers  also. 


Angled  Booms  -  Angled  booms  were  tested  to  investigate  three- 
dimensional  (3B)  effects, i.e. ,  effects  of  tangential  flow  compo 
nents.  Two  models,  a  *  30°  and  a  -  60°,  were  tested  for  one  boo® 
draft  (H  *  5  in.).  The  boom  angle  a,  is,  defined  as  the  angle 
between  the  current  direction  and  a  line  normal  to  the  boos:.  Thus 
the  normal  flow  case  (2B)  Is,  a  *  0  .  Figure  16  snows  one  of  th- 
angled  booms  used. 

Dynamic  Models  -  Tests  m  waves  were  conducted  using  dynamic 
boom  models  free  to  heave,  pitch  and  sway  in  respor.se  to  the  sea¬ 
way.  The  first  model  was  designed  to  simulate  *  weighted  skin 
supported  by  an  inflated  cylinder.  This  inflated  cylinder  model 
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ls  shown  In  Figure  17.  and  particulars  are  give,,  in  Figure  18. 

Tne  model  was  towed  using  a  bridle  and  elastic  line.  Sway  response 
was  varied  by  changing  the  spring  constant  of  the  towxxae.  This 
model  war  also  towed  in  a  condition  where  roll  and  away  were  con¬ 
strained  allowing  only  heave  motions. 

Two  additional  models  were  constructed  and  used  for  dynamic 
tests  to  investigate  the  effect  of  boom  geometry  on  oil  contain¬ 
ment  in  waves.  Model  A-l  represents  an  inflated  rhomboids!  boom 
In  which  the  lower  section  is  ballasted  with  sea  nates*.  Nodal  A-? 
Is  a  slag>le  skirt  type  boom  with  continuous  rectangular  flotation 
elements.  These  models  are  shown  in  P'  ure  19  and  particulars  are 
given  in  Figure  20. 

All  of  the  dynamic  models  are  23.5  in.  long  and  have  no 
wipers  at  the  sides  because  they  would  tend  to  affect  the  monels' 
motions.  Thus,  oil  can  leak  through  the  1/4  in.  spaces  between 
the  model  and  the  tank  walls. 

C.  Prcp*rtiea  of  Test  Materials 

Oils  -  The  majority  of  tests  were  made  using  Mo.  2  Diesel 
Fuel.  Several  other  oil  products  were  used  in  tests  to  determine 
the  effects  of  oil  properties,  namely  specific  gravity  ana  viscos¬ 
ity,  on  oil  retention  dynamics.  The  products  that  were  used  are 
listed  In  Table  3. 

Addltl  'es  -  A  sorbent,  Ekoperl,  and  a  surface  active  agent, 
Zonyl  A,  were  added  to  oil  to  study  their  effects  on  retention 
dynamics.  Ekoperl ,  an  expanded  aluminum  silicate  produced  by 
Pennsylvania  Perlite  Corp.,  is  reported  to  absorb  five  times  its 


fflfDBOKAimCS,  Incorporated 


-4l- 

welght  In  oil  (Reference  11) ,  Zonyl  A  Is  effective  for  reducing 
the  Interfacial  tension  (IFT)  between  two  iasaiselblo  liquids. 
Data  fras  the  sanufacturer,  DuPont,  are  shown  In  the  following 
table  for  Heptane  over  water. 


Concentration  of  Zonyl  A 
added  to  water  (Wt.  in 

i 

Interfscial  tension  . 

water) 

?8P  (Dynes /gib) 

Q.  1 

<1.0 

0.01 

10.2 

0.901 

21.3 

0.0  (Control) 

48.8 

TABLE  3 

Properties  of  Various  Oil  Products 


Product 

Specific  Gravity, 

9 

s  *  *  60?,  na 

Pw 

i 

i 

| 

ICinenettic  Viscosity* 
•  60?,  cs 

#2  Diesel  Fuel 

0.860 

. 

4-3 

(Esso)  Faxon  35 

0.883 

19 

(Esso)  Faxon  50 

0.900 

100 

(Handle  Oil)  Huso  36 

0.95* 

118 

(Hards  Riverside 
Additive  Free  Koto** 
Oil)  SAX  30 

0.906 

380 
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Additlonal  tests  to  determine  effects  of  I FT  were  conducted 
with  a  thin  lawyer  of  fresh  water  (slick)  over  salt  water.  In 
this  case,  the  1FT  is  virtually  zero. 

1).  Procedures 

Calm  Mater  -  Tests  in  cel*  water  were  conducted  using  two 
different  methods*  continuous  slick  and  constant  volume.  In  the 
continuous  slick  method  the  oil  is  distributed  uniformly  over  the 
entire  length  of  the  tank  prior  to  making  a  run.  Hence,  the 
volume  of  contained  oil  (defined  as  oil  between  the  moving  head- 
wave  and  the  boom)  generally  increases  during  the  run.  A  steady 
state  is  ecnieved  only  when  the  flow  of  oil  under  the  boom  is 
just  equal  in  volume  to  the  flow  entering  the  headwave,  i.e.,  the 
volume  of  contained  oil  is  constant. 

In  the  constant  volume  method  all  of  the  oil  is  collected 
and  contained  (at  about  2  in.  depth)  in  a  small  area  ahead  of  the 
b'XHB  by  a  cofferdam  The  cofferdam  is  removed  just  when  the  bourn 
acceleration  begins.  Steady  state  is  achieved  after  the  desired 
carriage  velocity  is  reached  ard  the  oil  slick  has  adj«  3 ted  to  a 
constant  length  (between  the  boom  and  leading  edge  of  the  s licit). 
Wien  the  oil  looses  under  the  boom  are  large  (high  speed),  the 
slick  length  continues  to  decrease  and  no  steady  conuitlor,  i«> 
achieved . 

Boom  acceleration  in  the  small  16-foot  tank  ?s  large.  The 
steady  run  velocity  is  attained  before  one  foot  of  travel.  In 
the  larger  80-ft  tank  the  boom  acceleration  is  legs  than  0, 1  ft 
per  second  and  tne  run  velocities  are  attained  between  10  ana  20 
ft  of  travel. 
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es  -  Tests  in  waves  were  ge  erally  made  using  the 
const  int  volume  method.  The  wave  generator  Is  started  after  the 
boom  has  carted  Its  acceleration.  Thus,  the  contained  oil  slick 
and  br  ma  do  not  run  into  waves  until  after  ab^ut.  -0  ft  of  boom 
travel  ir  cairn  watem  In  this  manner,  observations  are  made  be- 
lore  waves  reflected  from  the  ena  of  the  tarrf  return  toward  tn 
wave&aker  i  d  form  a  standing  wave  pattern  *  beach  was  instal- 
Aed  at  the  end  of  the  tank  to  damp  out  the  wav®',  but  was  only 
about  70  percent  effective  fcr  long  waves  (i  «  ^  ft)  and  took  up 
several  feet  of  available  run  le*.gth  and  so  was  removed, 

E.  Observations 

Slick  Length  -  Slid  length  was  measured  by  marking  : r.e 
position  of  the  leading  eoge  of  tlv  slick  on  the  sloe  of  the  tank 
when  the  boom  was  at  a  kr >wr  location.  Measurements  were  general 
repeated  for  every  10  ft  of  boom  travel. 

Interfacial  Waves  -  The  minimum  sp^ed  for  the  Inc opt  lor  of 
lnterfccial  capillary  waves  was  dot  arms. ed  by  ctservat icr. 

antralr.ment  -  The  region  behind  the  *tu«dwave  war  c-cserv-d  tc 
f*na  the  minimum  speed  at  which  droplets  of  oil  arc  formed  :.r. 
many  case  large  o*  1  eov  -rsd  water  droplets  or  oily  droplets  arc 
also  see..,  I^.d  lv  1  d...ai  or  op  lets  car.  be  visually  traced  to  deter¬ 
mine  id'  ether  they  i  eturr.  tc  the  oil  slick  or  are  los '  under  me 
boom. 
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Lost  Vo  lasses  -  When  oil  looses  under  the  boom  wei  e  signifi¬ 
cant  froin  heavy  entrainment  or  Irainage*  th  :•  vol„ae  (lost)  behind 
the  boom  was  collected  and  measured  t  end  of  the  run 

Motion  Pictures  -  Slxteen-mi Him*  r  motion  p let  res  aere 
made  and  studied  for  slick  geometry,  rtea^w  /e  celerity,  format  Ion 
of  droplets  and  droplet  trajectories. 


IV.  DISCUSSION  OF  TEST  RESULTS 


A.  Studies  of  Headwave  Geometry  and  Propagation 


Experimental  evidence  indicates  that  there  Is  a  character¬ 
istic  headwave  geometry  for  dynamic  equi librium  at  the  leading 
edge  of  an  oil  slick  In  current.  The  geometry  Is  not  unique  anc 
can  be  altered  somewhat  by  viscous  effects,  surface  tension, 
nearfield  boom  effects  (for  small  specific  oh  volumes),  arid 
waves.  The  characteristic  two -dimensional  r.eadwave  geometry  is 
snown  in  Figure  21  where  the  coordinated  are  nc*  -admens Iona ii zed 

by  the  maximum  heidwa'  e  thickness  v  .  It  Is  seen  u  thi  -  figure 

n 

that  the  minimum  thickness  behind  the  headwave  tl  l«  t  minally 

0.6  and  the  length  of  the  headwave  t  is  about  7.®  t 
h  n  c 

Data  showing  the  characteristic  Laadwave  Frou^e  numb  r  are 


presented  In  Figure  2  2.  Hero  the  size  parameter  is  taken  us  t;.e 
maximum  headwave  thickness,  t^,  1 . e. .  *  U /J% rl h  whe^e 

g'  *  g  ^  *  g(l-s).  All  of  the  data  are  for  Diesel  fuel  arc 
fresh  wa^fer.  Test  variables  were  boom  speed  U,  int-rfacia^  :^n- 
s ion  a,  and  specific  oil  volume  or  thickness. 
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Data  were  taken  for  the  boom  moving  Into  a  uniformly  distri¬ 
buted  slick  (tQ  >  0)  and  with  a  fixed  volume  of  oil  ahead  of  the 
bo  "a  (tQ  *  0).  In  the  latter  case,  steady  state  is  obtained 
since  the  headwave  speed  Is  just  equal  to  the  ^'yys  speed,  ?’  =  U  . 
With  a  uniformly  distributed  slick  the  headwave  speed  is  greater 
than  the  boom  speed  since  the  volume  of  oil  collected  (between  the 
U,  iwave  and  the  boom)  Is  constantly  increasing.  Toward  the  er,n 
of  t  run  in  a  distributed  slick  the  difference  between  headwave 
speed  anc  boom  speed  becomes  small,  the  headwave  thickness  becomes 
nearly  constant,  and  thus,  a  quasi-steady  condition  is  reached. 

The  data  from  distributed  slick  tests  show  that  headwave 
Proud*  number  tends  to  decrease  with  Increasing  slick  tnlekness. 

is  el  act  can  be  attributed  to  "drag"  associated  with  the  change 
i  nomerf  im  of  oil  that  is  collected  at  the  leading  edge  of  the 
ha*i<?wave.  Thus,  a  headwave  of  given  size  (t  )  travels  slower  into 
a  s 1 iek  th-n  Into  V  &r  water.  If  oil  were  withdrawn,  at  the 
boor,  from  the  collected  volume  at  the  same  rate  that  it  is  in¬ 
gested  by  th«.  headwave,  we  say  expect  the  momentum  of  inflow  to 
be  balanced  by  the  outflow  momentum  so  that  headwave  celerity  (ar. - 

hence..  P . )  would  be  the  same  as  for  the  fixed  volume  tests.  The 
a 

ufeadrv*  e  Fr-oude  rubber  for  the  thinnest  distributed  slick  (t 
0.026  inch,*  was  quite  close  to  that  for  fixed  volume  tests, 

1  ** 

Reduced  interfacial  tension  (IPT)  was  shown  tc  reduce  tne 
ht^adweve  celerity.  The  IPT  was  reduced  by  adding  a  surface  active 
agent  io  the  ol!  phase.  It  was  not  possible  to  accurate *y  measure 
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t he  reduced  [FT,  but  laboratory  measurements  indicated  that  it 
war*  less  than  or  equal  to  one  dyne  per  centimeter.  With  reduced 
I  FT  the  Froude  number  defining  headwave  celerity  was  about  = 
1.0.  The  Interfacial  tension  tends  to  reduce  the  thickness  of 
the  headwave  at  a  given  speed.  In  fact,  at  low  speeas  U  <  0.5  fPs 
no  headwaves  were  observed  except  when  the  IFT  was  reduced.  Here, 
the  inertial  forces  were  small  enough  that  they  were  balanced  by 
the  normal  IFT  forces.  With  reduced  IFT,  buoyancy  forces  were 
needed  to  provide  the  necessary  balance,  hence  the  observed 
headwave . 

The  Weber  number  is  associated  with  the  relationship  between 
inertial  forces  and  surface  (IFT)  forces  as  Froude  number  is 
associated  with  inertial  and  gravity  (buoyancy)  forces.  The  nor¬ 
mal  form  of  Weber  number  is: 

We  -  £!£!  (non-dimensional) 

«  ' 


where 

p  =  Fluid  density 
U  =  Velocity 

d  -  Characteristic  length 
o  =  Interfacial  tension,  IFT 

It  is  convenient  to  multiply  this  number  by  the  Froude  number 
squared,  using  a  =  t^,  to  get: 
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WeF  8 
d 


g '  a 


Thus,  for  inviscid  fluids,  dynamic  similitude  would  be  assured 
when  both  Froude  number  and  Weber  number  are  held  constant  and 
implies  that  with  p  and  g'  constant  the  Froude  number  will  be 
constant  if  U4/o  is  maintained  constant. 

The  effect  of  viscosity  on  the  headwave  Froude  number  was 
also  investigated  by  tests  with  SAE  30  weight  motor  oil.  At 
headwave  speeds  around  one  foot  per  second  the  headwave  Froude 
number  averaged  about  F^  =  0.95.  Thus,  increased  viscosity 
apparently  causes  the  headwave  to  have  greater  thickness  at  a 
given  speed. 

Much  of  the  scatter  in  the  data  shown  in  Figure  22  results 
from  inaccuracy  in  the  measurement  of  headwave  thickness ,  The 
headwave  is  generally  not  smooth  as  seen  In  the  photographs  in 
Figure  23.  Interfacial  instabilities  arising  from  viscous  shear 
forces  cause  interfacial  waves  to  grow  along  the  headwave.  These 
waves  tend  to  break  into  droplets  behind  the  point  of  maximum 
headwave  thickness.  The  photographs  show  that  the  slick  thicknes 
tends  to  increase  downstream  but  there  is  a  noticeable  thinning 
Just  ahead  of  the  boom.  This  thinning  is  typical  and  is  assoclat 
with  the  stagnation  pressures  in  the  flow  at  the  boom. 
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5.  oi.  Setup  In  Current 

The  profile  of  an  oil  slick  contain  a  by  a  boom  against  a 
current  is  a  complex  function  of  the  volume  of  oil,  current  ve¬ 
locity,  and  ell  properties  such  as  specific  gravity  and  viscosity. 
The  length  of  the  slick  increases  with  volume  and  decreased  with 
current  velocity  as  shown  by  the  experimental  data  in  Figure  2**. 
Diesel  oil  slick  lengths  are  shown  here  as  a  function  of  specific 
volume  for  several  values  of  current  velocity.  A  cross  plot  of 
these  data  is  presented  in  Figure  25.  Slick  length  data  for  30 
weight  motor  oil  are  presented  in  Figure  26  along  with  data  frer* 
an  experiment  with  a  fresh  water  ^slick"  on  salt  water. 

The  slick  lengths  in  Figures  25  and  26  can  be  computed  by 
the  simplified  mathematical  model  given  in  Appendix  B.  A  satis¬ 
factory  fit  tc  each  set  of  data  is  obtained  by  varying  the  r.eai- 
wave  Froude  nuiaber  and  the  interfacial  friction  coefflciert  as 
required.  These  values  are  given  in  Table  4.  The  calculated 
slick  lengths  are  plotted  with  dashed  lines  in  the  Figures. 

(Note:  the  calculated  lengths  In  Figure  26  for  1.1  ft® /ft  f res r 
water  and  0,55  ft* /ft  SAE  30  Motor  oil  were  nearly  identical,  ana 
are  shown  by  one  line.) 

The  calculated  slick  lengths  are  affected  mostly  by  the  value 
of  Cf  at  low  velocities  U  <  .5  fps  and  by  the  value  of  at  high 

velocities  U  >  .5  fps.  The  Froude  numbers  in  Table  3  all  fall 
within  the  experimental  range  for  he&dwaves .  Of  course,  *ess  is 
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known  about  the  interfaclal  shear  'tresses  which  tend  to  cause 
the  slick  to  thicken  downstream  of  tv  headwave  Tne,  values  of 
friction  coefficient  Cr  In  the  table  are  ^us*-  convenient  engineer¬ 
ing  estimators  which  serve  to  calculate  slick  geometry  in  a  r 
approximate  mathematical  model.  No  account  Is  made  for  the  effect 
of  circulation  in  tne  oil  slick,  oil  viscosity,  inter facial  waves, 
and  other  factors  which  must  have  a  real  effect  or.  t».  interfacial 
shears . 


TABLE  * 

Parameters  Used  to  Calculate  Slick 
Lengths  in  Figures  25  and  26 


i 

¥•,  ft3 /ft 

Headwav e 
Froude  No, 

r-u^-  ■  — - 

Interfacial | 
Friction 
Coefficient j 

cr  i 

*  \ 

Diesel  Fuel 

.50 

1.30 

.003  j 

SO  «  0.860 

1.00 

1.25 

002  1 

2.00 

1.12 

.002  j 

3.  CO 

1.05 

.002 

SAE  30  Hot or  Oil 

.37 

1.09 

.009 

SG  *  0.906 

.55 

1.03 

.007 

i 

Fresh  Water  Over 

1.10 

1.10 

.013  j 

Salt  Water 

SO  -  0.959 

! 

1 

J 
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C.  Entrainment  Studies 

1 .  Inception  of  Droplet  Formation 

Model  tests  snow  that  containment  booms  _an  lose  oil  when 
droplets  are  forme..  *hich  are  entrained  in  the  water  flow  beneath 
the  boom.  Major  droplet  formation  takes  place  In  the  region  Just 
behind  the  point  of  maximum  he&dwave  thickness.  Two  types  of 
droplets  have  been  observed;  1)  small  pure  oil  droplets  and  2) 
large  oil  covered  water  droplets  or  "oily"  droplets  which  contain 
only  very  small  c  1  volume  despite  their  large  appearance.  Both 
types  occur  regularly  with  Diesel  fuel,  whereas  the  ?0  weight 
motor  oil  generally  formed  only  pure  oil  droplets.  The  oixy 
water  droplets  with  Deisel  fuel  were  more  prevalent  at  higher 
current  speeds . 

There  appears  to  be  a  critical  velocity  for  any  particular 
oi.’  product  at  which  droplets  are  firs.,  entra? ml  the  water 

behind  the  headwave  Below  this  inception  spree  tnere  is  no 
dr  plet  formation.  As  speed  is  increased  beyond  th -i  inception 
point,  droplet  numbers  and  the  entrained  oil  volume  rapiaiy  In¬ 
crease.  The  critical  velocities  for  the  Diesel  Fuel  and  }0 
Weight  Hotor  Oil  were  found  to  be  1.1  and  0.9  fp*»  respectively. 
When  Interfaciai  tension  was  reduced  by  adding  a  .urface  active 
agent  the  critical  speeds  were  reduced  to  0.6  and  0.6  fps,  res  - 
pectivtly.  (TYse  respective  changes  in  IPT  were  16  to  1  and  18.8 
to  12.8  dynes  per  centimeter.)  The  Inception  speed  for  any  other 
product  must  be  a  complicated  function,  of  viscosity,  specific 
gravit'*',  and  interfacial  tension . 
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When  the  volume  of  contained  oil  is  sufficiently  small  sc 
that  the  heed wave  is  near  the  boom,  the  speed  for  Inception  of 
w-cplets  is  reduced  by  about  five  percent. 

2.  Loss-  by  Entrainment 

The  rate  at  which  oi^  is  lost  beneath  the  boom  by  droplet 
entrainment  is  a  complex  function  of  current  velocity,  contained 
oil  volume,  boom  draft,  and  oil  characteristics.  An  oil  droplet 
entrance!  into  the  flow  at  the  headwave  may  either  return  to  the 
slick  further  downstream  or  remain  entrained  in  the  flow  under¬ 
neath  the  boom.  The  probability  of  a  droplet  returning  to  the 
slick  depends  on  the  ratio  of  droplet  rise  velocity  to  current 
speed,  and  the  length  of  the  slick  between  the  point  of  droplet 
formation  and  the  boom. 

The  rag Lon  behind  the  headwave  where  droplets  are  formed  it 
highly  turbulent..  Some  droplets  are  entrained  more  deeply  ir.ee 
the  water  and  hav.®  a  greater  probability  or  remaining  er.trair.eu 
in  the  flow  beneath  the  boom.  There  are  always  some  drop  lets  r*  - 
trained  nearer  to  the  interface  which  'xe  able  to  return  to  th*- 
*llck .  increasing  tht:  «llck  length  alio-.;  droplets  a  greater 
time  to  rise  bask  to  the  slick,  thus  decreasing  their  probability 
of  being  lost .  Current  velocity  has  the  greatest  effect  or  the 
rate  of  b&tralhment  lots.  I r ~ ’-eas i ng  velocity  causes  greater 
volumes  of  oil  to  be  Termed  into  droplets,  and  ’’he  droplets  are 
entrained  more  deeply  into  the  flow.  The  entrained  droplets  are 
iaas  likely  to  returc.  to  the  slick  because  they  have  shallower 
trajectories  an*  the  :  lick  length  is  shorter. 
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There  Is  a  stagnation  streamline  at  the  boo®  which  is  affected 
by  boos:  geometry  and  depth,  and  the  oil  slick  geometry  near  the 
boom.  Any  entrained  droplet  which  s  below  this  streamline  as  it 
nears  the  boom  will  be  drawn  under  the  boom.  Droplets  above  this 
streamline  are  caught  up  in  the  separated  eddy  where  they  may  be 
returned  to  the  slick  or  be  rejected  back  into  the  flow  and  ulti¬ 
ma  eiy  lost  beneath  the  boom. 

Oily  water  droplets  in  Diesel  o» 1  with  high  I FT  were  sometimes 
seen  to  return  to  the  slick  interface  but  aid  not  coalesce  into  the 
slick.  They  were  carried  back  along  the  interface  tow,  -*ds  trie  eddy 
region  where  some  became  re-entrained  into  the  flow  and  were  lost 
beneath  the  boom.  The  oil  volume  lost  in  this  manner  was  extremely 
small. 

Experimental  entrainment  loss  Mite  data  are  presented  ir. 

Figure  27  and  28  for  Diesel  fuel  and  30  weight  motor  oil,  res¬ 
pectively.  The  average  rates  of  volume  loss  ¥•  were  obtained  by 

L 

measuring  the  volu-.-  lost  during  a  50  foot  run.  This  vo.uisc  is 
divided  by  the  time  in  the  run  to  give  the  average  loss  rate. 

The  specific  volumes  listed  in  the  figures  refer  to  the  volume 
contained  at  the  start  of  the  run.  In  some  cases  of  high  lot,.; 

*****  ana  small  initial  volumes,  up  to  90  percent  oi  the  "con¬ 
tained"  volume  was  lost  In  the  cou„««  of  tt»  run.  The  loss  rate 
was  fairly  constant  during  run#  where  entrainment  was  relatively 
light,  ¥l  <  10'*  ft* /ft -sec.  in  runs  with  heavy  entrainment, 

>  >  the  rate  tended  to  increase  as  the  run  progressed  ar,d 

the  contained  volume  became  smaller. 
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The  sc'  id  data  points  in  Figures  27  and  28  represent  runs 
in  which  oil  was  lost  by  a  combination  of  entrainment  and  drain¬ 
age  type  failure.  Huns  in  which  oil  is  lost  only  by  entrainment 
are  represented  by  open  symbols. 

The  data  show  that  increasing  the  contained  volume  decreases 
the  oil  loss  rate  at  a  fixed  current.  On  the  other  hand,  increas¬ 
ing  the  contained  volume  allows  an  increase  in  current  velocity 
with  no  increase  in  loss  rate.  For  example,  the  current  for 
"moderate*  loss  rate  (defined  arbitrarily  as  *  ICf3)  ear.  be 
increased  eight  percent  by  increase  *  the  specific  volume  con¬ 
tained  by  a  five  inch  flat  plate  boom  from  0.37  to  0.95  ft* /ft. 
Similarly,  increasing  the  boom  depth  decreases  the  oil  loss  rate 
at  &  fixed  current.  The  current  for  moderate  entrainment  was  in¬ 
creased  ten  percent  when  boom  depth  was  inc  asea  from  2  to  5 
inches  and  specific  olume  *  0.37  ft8/ft. 

The  importance  of  Interfacial  tension  on  tne  formation  and 
entrainment  of  oil  droplets  is  shown  in  these  figures.  A  sixteen- 
fold  decreases  in  I FT  jf  Diesel  fuel  caused  moderate  entrainment 
loss  rates  at  current  velocities  reduced  by  about  £0  percent.  A 
somewhat  lees  substantial  decrease  in  1FT  obtained  with  the  motor 
oil  showed  a  similar  tendency  for  Increased  entrainment  loss  rates. 

Mote  that  the  mas imam  loss  rate  shown  for  0.13  ft* /ft  Diesel 
oil  is  less  than  for  0.20  ft* /ft  a\  about  1.33  fps  current.  This 
la  caused  by  the  depletion  of  the  smaller  contained  /oiume  by 
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entrainment  and  drainage  early  in  the  run.  The  loss  rate  was 
substantially  reduced  over  the  remainder  of  the  run  and  resulted 
In  a  smaller  average  loss  rate. 

If  the  curves  in  the  figures  were  extended  downward,  they 
should  all  become  straight  vertical  lines  representing  the  maxi¬ 
mum  current  for  which  there  is  no  entrainment  loss .  The  value  of 
this  maximum  current  will  increase  wit>  increasing  slick  volume. 

A  100-fo*>t  by  5 -inch  boom  containing  75  >  gallons  of  diesel 
fuel  would  experience  "moderate”  losses  by  entrainment  in  a  0. 85- 
knot  current.  Assuming  i'.*at  the  lost  voluate  was  continually  re¬ 
plenished  ahead  of  the  boom*  the  volume  loet  would  amount  to  2700 
gallons  per  hour. 

D.  Boom  Geometry 

Tests  were  conducted  with  various  model  configurations 
investigate  the  effects  of  boom  geometry  and  orientation  on  oil 
containment. 

1.  Boom  Croat  Section 

€11  containment  by  the  90°  wedge  was  essentially  the  same  as, 
by  a  flat  plate.  The  only  difference  observed  was  that  seme  er  - 
trained  droplets  are  caught  up  in  the  eddy  above  the  stagnation 
point  of  the  flat  plate,  whereas  joy  droplets  reaching  the  wedge 
are  carried  under.  This  Is  a  secondary  effect.  The  inception  of 
ell  loss  by  entrainment  and  drainage  and  the  volumes  lest  were 
not  affected  by  this  change  in  boom  cr^ss  section. 
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c.  Three -Dimensional  Effect? 

o  O 

Oil  containment  by  angled  fiat  plates  (a  =  30"  and  60  )  was 
essentially  the  same  as  for  the  two-dimensional  flat  plate 
(a  *  0°).  The  headwave  remains  two-dimensional,  i.e.,  perpen 
dicular  to  the  direction  of  flow  and  uniform  in  cress  section. 

Near  boom  effects  caused  by  the  intersection  of  the  i.eadwave  and 
the  boom  are  secondary. 

A  horizontal  circulation  waa  observed  In  the  slick.  Oil  flow 
along  the  booa  towards  the  apex  is  balanced  by  a  net  w  from  the 
apex  to  the  headwave  and  then  out  towards  the  Intersection  of  the 


The  volume  of  oil  container  la,  of  course,  net  uniform  along  tne 


angled  boon  and  Is  greatest  at  the  apex. 

The  observations  noted  above  apply  to  the  case  where  the 
slick  is  developed  or  contained  ahead  of  the  booa.  It  Is  pos¬ 
sible  that  an  angled  booa  could  be  used  to  deflect  au,  "un¬ 
developed5*  slick  to  the  downstream  end  or  apex  of  tne  boom  for 
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collectlon.  The  slick  would  remain  undeveloped  only  by  with¬ 
drawing  the  deflected  oil  fast  enough  to  prevent  local  thickening 
cf  the  slick  Into  the  characteristic  headwave.  In  this  case  it 
may  be  possible  to  use  a  boca  without  losing  oil  by  entrainment 
or  drainage  In  higher  currents  than  for  a  developed  slick.  The 
present  experiments  do  not  support  nor  invalidate  this  supposition. 

E,  Effect  of  Waves  on  Oil  Retention 

Experiments  were  conducted  with  combine]!  currents  ar.1  waves. 
Wave  periods  ranged  from  0.5  to  1.0  seconds  with  wave  heights  up 
to  2.8  inches.  As  expected,  waves  generally  degrade  the  contain¬ 
ment  performance  of  an  oil  boom. 

1.  Setup 

The  experiments  show  that  substantia*  setup  or  thickening  of 
the  slick  beyond  the  setup  aue  1  1  current  is  possible.  No  theory 
is  available  to  predict  this  effect  quantitatively.  The  model 
tests  showed  that  setup  due  to  waves  wes  a  complicated  functi  '-n 
of  both  wave  heigh*  and  frequency  end  is  also  affected  by  the 
boom’s  response  to  waves. 

The  photcgrtpbs  in  Figure  29  show  the  effect  of  frequency  on 
setup.  Wive  height  and  current  are  held  constant ,  Th*  inflated 
cylinder  model  is  nhown  here  with  freedom  In  roll,  neave  and  surge. 
The  lot  frwqcency  waves  {T  «  1.0  sec)  are  seen  to  have  a  ns*lig«Me 
effect  on  slick  lei^th  whereas  higher  frequency  wave*  cause  appre¬ 
ciable  reduction  of  slick  lei*th.  The  headwave  also  becomes  in¬ 
creasingly  distorted  by  higher  fluency  waves .  The  oil  thickness 


r*  ew 
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ir.  the  slick,  is  disturbed  local  ly  by  the  passing  gravity  wa 
with  increased  thickness  corresponding  tc  tree  wave  crests  a 
decreased  thickness  ir.  tree  wave  trough? . 

This  model  is  r.ct  sealed  against  tnc  sides  .;  f  t.ne  tow: 
tank  in  order  to  allow  free  wave  response- .  An  a  res..  It ,  re 
the  oil  seen  behind  cnc  r. :d f  1  ir.  calm  -rater  was  t rapped  t  en 
the  model  from  the  start  of  the  run  while  some  is  continue  1 
leaking  past  the  sides  daring  the  course  of  the  run .  At  id 
lowest  frequency  (T  =  1,00  sec;  oil  is  periodically  entrain 
near  the  boom  and  passes  under  the  skirt .  At  the  higher*  f 
quency  (T  «  0.50  sec)  oil  has  begun  to  drain  freely  order  t 
skirt.  At  the  middle  frequency  the  lots  Is  a  ,  omfci nation 
periodic  entrainment  with  some  drainage. 

The.  single  paramet  r  wnicn  was  found  to  have  the  t,c  t 
s latent  Influence  on  oil  setup  is  the  wave  ste-u-f  ness  rat  l  .  , 
wave  height  divided  by  wave  length  H^A.  Figure  3!'  ;  rr  - -r.i  - 
perimer.tal  data  witn  the  model  shown  in  Figure  29  and  MocSo 
in  Figure  20.  The  steau  slick  thickness  In  waves  divided  cy 
mean  slick  thickness  in  cslju  water,  t  /t„  ,  is  clotted  as  a 

m  v* 

furct'lor:  of  wave  steepness.  The  mean  thieknes..  is  defi r.rd 
unit  volume  contained  divided  by  the  slick  length,  (Oil  ss 
Is  shown  as  a  function  of  wave  height  ar.d  period  in  Figure 
The  steepness  of  large  ocean  wave...  may  range  from  e.O  tc 
Thus,  we  may  expect  that  oil  setup  dut  tc  w-  .  t .  may  increa, 
requirement  for  barrier  depth  to  prevent  drainage  fey  a  fact 
2.0  unless  allowable  current  in  waves  is  reduced  by  a  facte 
1.4.  ft  is  pos««  *  it  that  even  steeper  waves  will  be  enccuc 


in  a  wind  driven  chop , 
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Test::  also  conducted  wltn  the  model  locked.  In  he#v«?f 

surge,  and  roll.,  K<gh  frequency  waves  with  lengths  less  lt%h 
•  tiT.es  the  teem  draft  were  completely  reflected  by  the  boom 
wit  r.  the  result  that  there  was  no  setup  due  to  these  waves .  Thus 
waves  in  &  w‘ nd  driven  drop  whose  lengths  are  less  than  3  tlir-s 
the  loom  craft  mu  not  cause  setup  if  tne  surge  natural  period 
of  the  carrier  is  Urge  {about  3  times)  compared  with  the  wave 
per  ? ods 


1 .  En  trainmen*; 

It  has  been  observed  in  our  experiments  that  the  orbital 
velocities  at.  the  wave  crests  tend  to  augment  the  current  and 
cause  tne  headw&ve  to  break  up  Into  droplets.  Effective  addi¬ 
tions  to  the  current  velocity  of  from  20  to  ?G  percent  of  the 
orbital,  velocities  ware  observed  in  tests  by  noting  the  current 
spsed*  at  which  drop) a is  firs*  formed  in  waves  and  in  calls  water 
Thet. e  obaer\ .  .cions  apply  only  to  cases  where  the  gross  qualities 
of  the  headway e  were  not  appreciably  altered  by  the  waves , 

the  wave  steepness  H  A  <  0.0*.  In  «teeper  waves,  the  normal 

w 

calm  water  headw&ve  geometry  car  no  longer  be  discerned  at  the 
leading  edge  of  the  slick.  {T.n  Figure  29  the  valuer  of  wave 
steepness  are  0.0s*  6,  0.040,  and  2.023,  corresponding  to  periods 
of  0.5,  0.75  and  1.00  teeond  respectively.) 

In  addition,  as  steep  wave*  enter  t‘e  contained  slick,  they 

steepen  further  '  id  break.  This  results  in  the  formation  of  oil 
droplets  at  the  interface  which  may  be  entrained  roaer  the  boom. 
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Since  these  slaves  break  ne&r  the  leading  edge  of  the  slick,  it 
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.aa^f  be  expect ec  that  loiig  slick  lengths  viU  reduce  tr 
e.tl  hf  sntrainment ,  However,  oil  setup  is  increased  in  waves  sc 
that  thf;  cf'.ly  practical  means  of  preventing  entrainment  '  osses  i* 
waves  any  t»e  to  reduce  tfce  current  relative  to  the  cental  niss-nt 

b©05ft. 


Sots  acd  R'&s&wib®  Effects 


I*o»£«8  can  occur •  frea  tfe*  slick  near  the  fcoc«s  as  a  result  of 
the  relative  w&iiofts  ba$v#m  the  boom  and  waves,  those  losses  are 
&  function  ©?  th«  boom’s  cro&$~s action  shape  end  heave*  surge,  and 
pitch  freedom .  most  critical  condition  appeal's  fee  occur  when 
s  haem  .is  r  as  trained  in.  surge  bv.fc  free  in  pitch.  Ir  this  case 
large  pitch  motions  were  iadaeed  by  the  periodic  relative  surge 
velocities.  Horizontal  vortir&s  were  formats  under-  the  boos;  which 
enti  "ined  oil  frem  the  slick.  When  the  models  were  restrained  ir. 
the  p  .  tch  direction  .by  a  towing  hriddle,  the  tendency  to  form 
horizontal  vortices  was  greatly  reduced .  If  compliance  is  pro¬ 
vided  Ir.  surge,  the  boom’s  relative  root  ions  were  'cry  small  ♦  an  a 
in  this  case  there  was  very  little  tendency  for  near  Poem 
entrainment , 


Hear  boo®  entrainment  was  a  p  jlara  with  the  i^flat  J 
cylinder  model  In  high  frequency  waves  where  the  boom  heave  res¬ 
ponse  was  out  of  phase  with  the  waves.  The  large  discontinuous 
increase  in  waterplane  area  near  the  waterline  caused  significant 
agitation  of  the  slick  Comparative  tests  with  the  alternate 
designs,  A-l  and  A -2,  showed  them  to  have  little  agitation  due  to 
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out  of  phase  hoav e  motions.  I r  fell  other  respects*  however,  the 
alternative  designs  had  comparable  containment  ability  in  waves 
when  toeing  constraints,  i,e„.  toe  line  spring  constant  and  bridle 
configuration,  were  siasilar. 

-Quantitative  data  on  near  boo®  entrainment  are  very  diffl 
cult  to  obtain.  In  the  case  of  the  boo®  model  A-<-  with  very 
little  surge  mesalliance,  tests  conducted  with  Zonyl  A  give  sesae 
indication  of  the  full  scale  relative  velocities  at  which  nejr 
bom  mtpsilzmmt  will  occur.  Ifoese  testa  scaled  to  a  12”  deep 
bos*  in  8”  waves  with  a  period  of  1.5  seconds ,  Losses  near  uhe 
harrier  started  at  scalad  current  spaed  of  1.5  ft/sec.  This 
amounts  to  a  saaaiaaa®  relative  velocity  at  the  Potto®  of  the  boom 
of  about  3  ft /sec  or  m  oaci '  lav  ^ry  velocity  assplitude  of  about 
1.5  ft /sec. 

F.  Multiple  Boom  Studies 

Multiple  boos,  configurations  were  briefly  studied  find 
oat  if  they  might  enhance  containment  ability  over  single  booms 
Two  flat  plate  boo®?,  were  used.  Test  variables  were  the  draft 
of  the  forward  boost  ar*  the  longitudinal  spacing  between  the  two 
bomm ,  Tmt  results  were  mixed  with  3 me  double  boom  configura¬ 
tions  less  successful  at  containment  then  a  single  hocus 

To  reduce  oil  entrain-  went  losses  we  found  that  the  spacing 
between  two  boom  must  be  greater  than  the  natural  slick  length 
with  a  single  boo®.  Nhen  the  spacing  is  equal  to  this  slick 
length*  the  antrsinment  lueses  from  turbulence  behind  the  first 
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booss  are  greater  than  from  the  head^ave  with  a  single  boom.  By 
increasing  the  spacing  by  several  times  the  forward  boomfs  drn.f t f 
the  slick  is  effectively  lengthened  si  „nat  droplets  entrained  by 
ti.  mlenee  behind  the  first  boons  can  rise  back  to  the  interface 
instead  of  flowing  under  the  main  collection  boom. 

'The  stretching  effect  of  the  forward  boom  can  be  seen  by 
eossp&ring  the  middle  photograph  in.  Figure  32  with  the  bottom 
photograph  in  Figure  23.  Kith  two  booms  the  slick  is  about  80 
percent  longer  (9  ft)  than  with  a  single  boom  (5  ft)  at  l.4o  fps 
current.  The  eddy  region  behind  the.  forward  boom  Is  filled  wi eft 
oil.  Behind  this  region  the  slick  is  quite  thin  and  then  gradu¬ 
ally  thickens  toward  the  after  boo®.  There  is  no  heath  ave. 

*.  snore  dramatic  change  in  slick  geometry  i£*  *een  between  the 
top  and  bottom  photograph*  in  Figure  32  at  1.6-0  fps  current.  The 
single  boo®  has  started  to  drain  freely  whereas  with  two  booms 
the  louses  ar  due  only  to  moderate  entrainment. 

The  ftizc  ov  the  eddy  region  behind  the  forward  boors  is 
roughly  proportional  to  the  boon  draft,  HJkperiawmtal  evidence  in 
Hefaren:#  8  indicates  the  length  of  the  eddy  is  about  six  times 
the  bo«s  draft.  fhls  length  co.  responds  to  the  point  at  which 
the  elicit  starts  to  become  quite  thin  when  the  longitudinal  boom 
spacing  baeoeas  iaarf®  empmpmd  to  the  nom&l  slick  Kngti..  If 
the  longitudinal  siwtelng  were  to©  large  with  respect  to  the 
woiam*  contained  and  depth  of  the  forward  boom,  we.  expect  that 
a  headway  would  he  imfmmM  ahead  of  the  aiftir  boom,  and  the 
slick  iis  this  ragiofi  would  behave  aUdlarly-  to  the  single  boom 
case. 
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under  ideal  conditions  the  double  boo®  concept  cm.  increase 
the  current  peed  for  which  oil  can  be  contained.  This  increase 
is  only  on  the  order  of  ten  percent  or  less  surd  the  Edition®! 
complexity  of  such  a  system  will  probably  not  Justify  its  u**e. 

In  summary,  the  slick  ie  gthenlng  made  possible  with  & 
forward  too®  seems  to  be  associated  with  the  separated  flow  re¬ 
gion  behind  this  boom.  Two  toons  are  probably  more  beneficial 
for  cases  of  snail  volumes  that.  for  large  contained  vol'mes  which 
normally  have  lcr$  developed  slicks.  Butralni&urit  of  oil  fro® 
the  region  behind  the  forward  boom  t»  not  significantly  different 
than  normal  head wave  entrainment. 


0.  Absorbent  -  Khoper 1 

Adding  Beeper  l  to  an  oil  slick  (four  pare  asst  by  weight), 
caused  the  slick  length  to  increase  up  to  20  percent  in  currents 
near  the  speed  for  inception  of  entrainment  le»«.  The  increase® 
length  may  be  attributed  mainly  to  the  increased  volume  of  e; \ 


plus  absorbent.  The  oil  soaked  ikoperi  rfmln*  laps  dense  than 
the  oil  and  floats  or  top  of  the  oil  layer,  Boat  of  the  Skuparl 
is  carried  to  the  front  of  the  slick  by  the  circulation  in  %m 
oil.  There  was  a  alight  reduction  in  the  oil  loss  by 
with  the  absorbent  added.  This  may  be  attributed  to  the  in¬ 
creased  a  lick  laagth.  ftiferalMMut  of  oi  l  becomes  very  heavy  mhm 
currant  is  increased  about  15  percent  war  the  Inception  speed. 

He  ever,  the  oil  soiled  IScoperl  remains  contained  while  the.  m - 
aba  orbed  oil  is  lost  under  the  boom.  The  remaining 
Scope**!  starts  to  draw  under  the  ,oom  at  60  percent 


currant 
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fhc  addition  of  absorbents  to  oil  « licks  offer  a  pose:! -le 
w&mw  for  containment.  n^der  adverse  conditions.  Of  course,  their 
use  ®-«y  introduce  other  problems  of  subsequent  disposal  or  re- 
elalmtl on.  A  critical  point  seems  to  be  that  all  of  the  wl'i  must 
foe  absorbed  to  effect  a  significant  reduction  in  oil  loss  rate. 

Oil  which  is  not  absorbed  is  not  affected  «u,a  is  free  to  become 
an  train  aid  as  before.  *'tae  current  at  which  an  oil  soaked  absorbent 
will  be  lott  by  antswtinmant  or  drainage  is  undoubtedly  a  complex 
function  of  the  specific  gravl^v  of  the  resultant  Fixture  and  its 
9  «w  erm  1  phi' »  i«l  prop ertics . 

V.  C0WCLU8I0*® 

1.  Site*.  gaes aatry  can  be  approximated  using  a  simple  two- 
dimensional  math  sjodel  with  empirical  coefficients.  Errors  may 
arise  wh«,  eattn^«Pl«tlfig  to  large  seals.  However,  large  scale 
tmtr  or  field  experience  Mould  provide  suitable  corrections  to 

the  theory , 

2,  Currant  .'.velocity  Is  the  single  "soet  important  poraset  er 
affei  t*'.:  m  oil  ccmt*in*m.t .  I&fcmi  ament  lose  as  increase  quite 
.r#4p,i41f  'with  In-crmsihig  current  and-  can  be  severe  in  currents 
great thagi  apr/r«imic- ly  one  knot,  ixeessive  entrainment  m* be 
la  0g.J^s.«at*r  will,  probably  cause  successful  oil  retent  lor  to  he 

t©  current#  hk'iem  a  maximum  **aiue  in  the  range  of  or.*  to 
.two  is&a>ta.  Hwreat'cmuee.  increased  entrainment  rati*  ind  will 
•JNiiJ****  ?*5£&so  t*s*.  stldwable  current  foi  successful  operation. 

..It  life  afit  yfet  .MiW;,  to.  extent  sea  sta  <*  alma  will  preclude 
contaSnaiteit . 


3.  Containeent  failure  cars  occur  both  hr  drainage  and/or 
entrainment  of  droplets  under  the  booa.  Doom  draft  needed  to 
prevent  drainage  in  ?*!*  eatnr  i*  readily  caicuistad.  Additional 
draft  to  prevent  drainage  la  eaves  can  only  be  grossly  approx ’as 
ted.  Increasing  depth  beyerd  that  required  for  drainage  it  preb 
ably  nor  efficient.  The  resulting  load  penalties  would  not  hi 
justified  by  the  relatively  minor  impreveasrt  In  entralfoart  loss 
rates. 


4.  Present  taeerles  any  or  mp  not  afford  reliable 
prediction  of  the  rates  or  oil  droplet  f creation.  Bm.ll  scale 
medal  tests  have  United  application  la  mis  regard  due  to  the 
great  difficulty  io  eoatroliim  the  .nee see  ary  scaling 


5.  dll  retewtio  with  bean  can  be  by 

relatively  long  slide  Mggtte  to  mtelatlee  eat. 

SHab  length  can  be  increased  tap  deyidyiag  the  $mm  1"  *  sleep 
eoafifusation  end  by  sdnijuisinj  current  re.jtive  to 

6,  Double  besom  and  &*«Mfta  fee*# 

Double  booms  ore  aore  camples  sod  era 
range  of  parssaaters,  fOo  booms  con  be  eswoe  than  a 
in  seas  eealltioe* .  large  volant  of  efcaotbeu*  mUmml  er%  re- 
gai*ai  feaewose  ail  of  the  all  west  be  staeecbed  far  the  Hfeeosta&t 
to  be  effective,  gee  of  aftoeefeeete  may  be  faodieeted  ea  OMLI* 
Oble  collect  ten  sad  head  Hag  , 


a 


determination  of  coefficients  to  use  with  the  theoretical  expres¬ 
sions  that  have  been  developed .  Sane  error  is  likely*  however* 
«he n  extrapolating  nodel  scale  data  to  prototype  scale.  The  Im¬ 
portant  sea  ling  parameters  are  Preside  number*  Weber  number  and 
Reynold#  number .  It  Is  not  possible  to  perform  scale  model  tests 
with  &11  theso  p®rmsm  ters  sat  la  find  simultaneous  ly .  This ,  com¬ 
plete  simulation  1#  only  possible  at  full  scale.  However,  same 
success  tern  beari  obtained  In  seal  Jag  both  Froude  and  Weber  number 
m  &pprmimt§  alSMlatlon  mm a*  a  United  scale  ratio  can  be  ob¬ 
tained  hf  this  tMtoftKge*. 


8.  the  bo©»*s  crass  section  afed  dynamic  response  in  waves 
few#  none  effect  cm  losses  caused  Sqr  near  boos  entrainment 

fern  *ssstklQK  asettioe  action".  Samp  lets  are  satrsmed  lr  ^  v.*e 
floe  just  sfei*ed  of  the  boost  sheet  it#  wot  ion#  are  t»«ch  that  large 
relative  velocities  oe^ur  between  the  boost  **"8  surround!?.®  fluids. 
«.g.  *  when  the  boon  has  large  out  of  phase  pitch  notion# .  The 
fee-c*®  ernes  section  should  be  smooth  near  the  waterline  so  that 
tafeseinc  notions  do  not  eremte  large  distrsfeanees  in  the  elicit, 
leer  boon  sntrsiOMMt  can  he  reduced  by  UsKNiSing  the  boon's 
tatfi  oongiisnee*  pitch  responds  hmtll  be  restricted  if 
relative  velocities  at  the  hot  ton  of  the-  boon  are  induces  fey 
access  lee  pitch  not  lor#. 
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APPENDIX  A 

1.  Differential  Equati*.-  :•  3 overling  Oil  Slick  Setup 

The  equation  governing  longitudinal  thicken!. .g  of  the 
oil  slick  is  derived  by  consider*  .'.g  a  differential  control 
volume : 


-h-i 

&'sA  / 

j_zz 


7  /  / 


/  /  /  a  '*  /  / 

■c-vC // O' 


/*>*e 


t*k  t 


T»«--  no  ri*  on  tel  forces  on  the  control  volume  consist  of  the  wind 
shear  ti  the  free  surface  ▼  .  the  interfacial  shear  f  ,  and  the 

H  * 

hydrostatic  pressures  at  each  end.  The  interface  slope  A»/Ax 
is  aaauaed  to  he  small  so  that  the  shears  at  the  surface  and 
interface  are  taken  to  act  horizontally  at  the  control  surface 
boundaries.  The  slick  thickness  t  is  related  to  the  depth  of 
oil  below  the  water  free  surface  m 


E  ^  •****■  t. 

*w 
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the  equilibria#  equation  is  given  oy 


«t*  +  si  ; ' 


~)A# 

£ 


{  T  -f  T  )&X 

I  a 


H  el  ■  'r  it)* 


U»K«tj  tuting  for  s  f  &a,  and  rewriting 


2(,f.  4  r  )Ax 

i  & 


$  $ 

c- 


'  +  At) 


•“•  (2  v£t  +  At-) 


I,  J»1 

r  ’  a  , 

l  WJ 


at  At  +  At* ) 


Dropping  the  second  order  tern  L  and  substituting  g  for 


2 


I 


. 

6W 


2( T  +  *  )tx 


p  t  A  f 


C  g‘ 


21^  ^  ^  dj 

A0a*  *  *" 


fhe  intsrfscisl  slope  is  given  by 


§&  .  L_ 

dx  p  g  ’  i 
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2,  Simplified  Model  for  Slick  Length  i n  Curren'  tV^y 

The  ’naxiaum  headways  thickness  is  specified  by  the 
needw^ve  Fraud®  number: 


"h  ~  g'F^'  5  1 


The  foil owing  relationships  for  headway*  geometry  are  derived 
fro*  Figure  21* 


headwaye  length,  t,  =8  t  ,  ft 

h  n 

neadvave  specific  volume ,  ¥■.  *  5.64  i. 8 ,  ft* /ft 

h  r« 

slick  thickness  behind  the  headwave ,  t,  =  0.5  *•  ,  ft 

*  n 


We  now  sake  the  simplifying  assumption  tha*  the  inirr facia ^ 
shear  stress  is  constant  atortg  the  -slick  behind  tne  headway 
starting  where  t  ®  t,  ,  i . t . ,  x  *  0.  Then,  using  the  differentia 
equation  derived  above  in  Integral  for®; 


i  dr  a  ! 


J  «>0« 


,  ax 


*.t(x}s  -  t, 


St  *  r  because  t 

1  4 


MOTE : 


is  &S9U*S«U  *  0. 
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or 


•<*) 


\a 


&  ■  ^  x 

r®7 


~  Kx  +  t, 


*rj*re 


“  •  rr  ■  #V  (cr  •  K°*> 


90*' 


n  Fj* 

~fJ 


«  affective  trterfaeial  friction  coefficient, 


The  specific  volume  behind  the  hesdwave  is  obtained  by  Integra 
thicKnesi  t (  }. 


V  * 
x 


x  x  > 

^  t{x)  dx  »  f  (Kx  +  tj*)* 


dx 


2  1  / «-  *  I?  \  3/2  $ 

»  3K  [<  *  Kx)  -  ti 


The  total  alien  length  4  and  volume  ¥  are  found  using: 


4  *  tv  +  X 

8  h 

¥  «  ¥  +  ¥ 

s  h  x 


A  Hating  of  the  computer  program  using  this  simplified  model 
for  slick  length  folio**  In  Appendix  B, 


APPENDIX  B 


C0WUT8R  PROGRAM  FOR  CALCULATING  SUCK 
CF*SACT3RI8TIC8  AND  dllRA!  NMSKT  LOSS  RATI 
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APPENDIX  B 

COMPUTER  PROGRAM  FOR  CALCULATING  SLICK 
CHARACTERISTICS  AND  ENTRAINMENT  LOSS  RATE 

A  computer  program  has  been, written  to  calculate  the 
characteristics  of  an  oil  slick  and  the  entrainment  loss  rate  as 
a  function  of  current  speed.  The  formulations  used  in  these 
calculations  are  described  In  Section  III  and  Appendix  A  of  this 


report . 

The  input  to  this  computer  program  is  as  follows 

Card 

1 

Format  F10.2 

FD 

Froude  number  at  which  headwave  propagates 

N.D. 

CF 

Friction  coefficient  at  the  interface 

N.D. 

SG 

Specific  gravity  of  the  oil 

N.D. 

VOL 

Specific  volume  of  oil  contained 

Ft3 /ft 

Card 

2 

Format  FI 0.2 

RHOW 

Mass  density  of  water 

S lug/ft 

VISO 

Viscosity  of  the  oil 

Ft 2 /sec 

SIG 

Interfacial  tension  between  oil  and  water 

Lb /ft 3 

CE 

Headwave  entrainment  coefficient  j5  ' 

N.D. 

Card 

3 

Format  F10.2 

UC(l)  to  UC(6)  Current  speed  at  which  characteristics 

are  required 

Ft/sec 

A  sample  output  is  given  below.  The  slick  length  and  thickness 
(at  the  boom  end  of  the  slick)  are  given  in  feet  and  the  loss 
rate  in  cubic  feet  per  second  per  foot  of  boom.  In  the  event 
that  the  volume  given  is  not  sufficient  to  fill  the  headwave  at 
a  given  speed,  the  message  "slick  unstable"  is  printed  out.  A 
listing  of  the  computer  program  follows. 
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EXAMPLE  OUTPUT 

til  l**Mt  0»  41IC«  LIIAKACUHI4IIC4  MU  INI*AIM*»NI  IU44  HAII 

ro*  i.iso  ct*g,oo*ouo  it*  o.Hfru  vui*  •••00 

■  MOU*  1.9*0  V  I  Ml-0. 0000**00  j lU'O.bOl ioooo  Cl*  o.otooooo 


Still) 

MICH  l  IN 

tilt.  Ml  44 

UIS4  HAM 

2.00 

IV. *6 

0.42 

o.ooom 

2.10 

11.16 

O.SO 

0.001441 

2.20 

14. *0 

II.Sl 

0.00*219 

2*10 

14.92 

U.S2 

0.01*294 

2.40 

1  1.44 

0.60 

0.0/ 1209 

2.40 

!/.** 

0.1.4 

0.02I2S2 

PROGRAM  LISTING 

7/  HI* 

•IOC4<C«ho.i*ui  minimi 
•ll$1  Ml 

c  i'H'i-.mm  m  fiiiKAit  mi  uica  ciiahacii aiMm  mo  tutMAihNitit 
L  ii  ss  mu  is  *  ruNttiiiH  in  rnMim  simio 

HIM* 

hi  m  ns  ion  iit.im 
loo  Pi*ni/iiiiu.r.F.sr.,vut 

hi  «i  i/,  i  lannw.visu.siii.i  i 
•  i  aim/* i im.  iii.uci/i •on 1 1 1. hi: i* i, iic i si, iic u. i 

i  iumihi  m,;i 
mihis.iioi 

110  I  OHM*  I  I  I  III  •  *  I.SIINAH  III  Sill*  CIIAHAIUHIMK4  MO  IHIHAINOfrU  10 
IS%  «»ll  •  I 

wmii  is.iiiirii.cPiS'MVin 

111  mhmaiii up . •  it ••fo. it*  «•»•*#.«..•  sr..,i6.s.*  vni*,fiu.ji 

H*tir  i s  1 1 1 / ihiiov t vi  so t  s 1 1. * i.r 

in  nm**ntM»,»  mii(im*'iii. it •  visa* •* lo.ti '  s|(.*'rio.«(  1  cr.'Fio.n 
WH  I  1 1  I  S  t  I  I  1 1 

III  IIIHHAIIIMnt'SHItO'tMnt'SI  If.K  l  III*  t  I/S.  ■  TMICVNI  IS*  .1*0,  *1  ms  *A« 
1*1 

111-  III  J •  I .* 

IIP’ V.ITtll.-Sl.l 

•  <uc i  it /» n» •  •.»/«»* 

■Ill1l',«lll 

f  I  *•»•!**  *!• 

H-l  I  *1*1  1 .1 1  ♦  ♦//  M./I.l* 

»»■  VI  I  - VII 

li iv< i/o,/a. u 

ii  «■  «iimi.shi*«) 
vv  *V»**I). 6642-1  I 
t-Vt/H 
M4*»lMt* 

IH«l||i*/iMIII*0.S 

npin*i.?i,*'ii./iuciJi**/i*ii.i.i»iiiiiuw*si.»visii*uii  Ji/s:r.i*«.7i 

oh*i.*.*umin 

vhc ■ • is*iH*uei ji/x 

1)1  ■  I VHC/I  .?*  |ll?/GP 

l'2*  <  VAC*.  00001  |?l*.  M/I.  ISIlr.Mi.Fl  l|*».  *2* 
D1*IVHC*|(.*.OOOOtl2/G»l**.6 

IMI)I-U2ll2,l2,l}  . 

it  mo?-oiii*.i*,i» 

li  0CHir»Di 

CP  TO  It  ... 

14  OC«lt*OS 

co  re  i* 

(9  0C*IT*02  .  ...  .  ..  .  . . 

0  Vl*C2»UCtJlilM 

UC*4.2*ISIG*GH/KMOMl**.2S 

I M UC I Jl -UO | 10. S0.*p  .  . 

To  '  vim.o 

00  TO  SO 


MCI 


40 

41 

.*» 

44 

M 

SO 

114 


!rM»|K-UCIIlfl4l«4l,44 . 

V(*0.0 
CO  TC  SO 

IMIMiAl'PCpIT  I41|41|44 .  .  . 

Vl*Vl*IOC«|T«MlfNl/IUH41-ON|Ni 
CO  TO  *9 

yf*Vl 

WUICiS.I  I4IUCI  Jl  ,411.  th.vi 


SOftMTItM  .P».2.tl0,M0.1.l2S.H0.|,r*0.fl0.4l 

. <0..T0  10  .  .  .  ...  ....  .  . . . ...  ....... 

to  McmiStiisiucui 

us  teontitiM  ifs.t.*  Hie*  uniiasu’1  • 

»o.  twinw .  . -  . 

oo  to  too 

INO 

VMIIHI  Aitcc*riim  . . 
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APPENDIX  C 

Example  of  Loss  Calculations 

Given:  3,000  ft  boom 

20,000  ton  spill 

Withdrawal  system  capable  of  collecting  spill  in  48  hours 

Find:  Current  velocity  in  which  system  can  operate  with 

acceptable  losses. 

Analysis : 

(1)  Assume  Properties  of  Oil 
Specific  Gravity,  S.G.  =  0.90 
Kinematic  Viscosity,  v  =  10  ^  fta/sec 
Interfacial  Tension,  a  =  0.0011  lb/ft3 
Interfacial  Friction  Coefficient,  Cf  =  0.010 
Headwave  Froude  Number,  Fd  =  1.00 

Volume  Loss  Rate  Coefficient,  P5,  =  0.0073 
Parabolic  Boom  Geometry  as  shown  in  Figure  C-l 

(2)  Losses  will  be  confined  to  relatively  small  lengths  of  boom 
at  the  corners  where  the  boom  intersects  the  headwave.  Thus, 
assume  that  the  angle,  0,  between  the  boom  axis  and  the  current 
direction  is  constant  in  the  loss  regions. 

(3)  The  specific  loss  rate  as  a  function  of  slick  length 
between  the  headwave  and  boom,  and  current  velocity  is  computed 
using  the  program  in  Appendix  B.  Assume  that  the  loss  rate  for 
slick  lengths  less  than  the  headwave  length  is  constant  and 
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equal  to  the  rate  of  droplet  (volume)  fomaticn.  The  area 
under  &  curve  of  specific  volume  loss  vs.  slick  length  is 
proportioned  to  the  loss  rate  divided  by  the  slope  of  the  boom 
(tan  8)  at  the  corner.  This  loss  rate  (for  both  corners)  is 
shown  in  Figure  7-2  as  a  function  of  current  speed.  The  maximum 
*  .lies  length  for  any  significant  entrainment  loss  is  also  shown. 


(4)  The  simplified  theory  for  setup  given  in  Appendix  A  is 
used  to  generate  the  curves  of  specific  volume  vs.  slick  length 
shown  in  Figure  C-3-  Thase  curves  are  used  to  calculate,  by 
numerical  integration,  the  contained  volume  shown  in  the  figure 
for  tne  assumed  boom  geometry .  T.-t  contained  volume  is  shown  as 
a  function  of  slick  length  which  should  be  taken  as  the  maximum 
length,  l.e.,  at  the  apex. 


(5) 


The  volume  of  the  oil  spill  and  the  withd 

„  ,  _  20,000  s  4.200  _  „ 

vo.w  -  V  .90"  “ 

Pump  Ra  te  *  -  4,55  f  r  *  i 

48  x  3,600 


raws  i 

x  J.LT 

sec 


r«  te  a  re  : 
ft' 


(6)  The  curves  of  contained  volume  are  entered  to  determine 
the  slick  length  at  the  apex.  The  slope  of  the  boom  at  the 
headwave  leading  edge  la  calculated.  The  loss  rate  from 
Figure  C-2  is  multiplied  by  tan  8  to  obtain  the  loss  ra,e. 


(?)  The  results  are  summarised  in  fable  C-l  for  the  boom 
geometry  shown  in  Figure  C-l  and  one  additional  configuration 
for  which  the  parabola  opening  width  has  beer,  red.-  ed  to  1330  ft. 
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Conc las  ions : 

In  order  to  obtain  99#  recovery  of  oil  collected  in  the 
boom,  current  must  be  less  chan  1.3  fps  ‘1..  000®  geometry 

shown,  in  Figure  C-i.  At  1.5  fps  the  recovery  would  be  less 
than  95J6.  By  reducing  the  opening  to  3400  feet,  noainal  current 
is  increased  to  1.5  and  2.0  fps  fo*  99  and  95#,  respectively. 

The  loss  rate  will  increase  as  sli.,«  volume  is  decreased 
so  that  the  slope  at  the  Intersection  of  the  headwave  and  the 
boom  increases.  For  example,  at  1.4  fps,  ins  loss  rate 
(226c-  ft>  opening)  after  24  hours  is  0.074  ft* sec  compared  with 
O.O63  ft#/sec  at  the  beginning  of  operation.  The  increase  is 
gradual  and  should  be  countered  by  decreasing  the  width  of 
boom  opening  as  oil  is  recovered. 
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